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A B S T R A C T 
+ + • 2+ T h e p r e s e n c e of a Na - K ac t i va ted , Mg 
dependent A T P a s e ( E . C . 3 . 6 . 1 . 3 . ) has been d e m o n s t r a t e d in 
m i c r o s o m a l p r e p a r a t i o n s f r o m Malp igh ian tubules and hindgut 
of L o c u s t a m i g r a t o r i a m i g r a t o r i o i d e s ( R + F ) and the condit ions 
f o r opt imal ac t iv i ty d e t e r m i n e d . T h e pH opt imum was 7 .5 
o + • +• 
and the t e m p e r a t u r e opt ima 45 C for N a - K A T P a s e whi l s t 
2~f" o Mg A T P a s e ac t iv i ty w a s s t i l l r i s i n g at 50 C . A c t i v a t i o n 
e n e r g i e s f o r the N a - K A T P a s e w e r e 1 2 1 . 6 - 4 . 5 and 
5 9 . 8 - 2 . 7 K j o u l e s M o l e " 1 between 6 . 3 - 2 1 ° C and 2 1 - 4 2 ° C 
2+ 
r e s p e c t i v e l y . T h e Mg A T P a s e had ac t ivat ion e n e r g i e s of 
9 5 . 8 t 1.9 and 5 1 . 7 - 3 . 9 K j o u l e s Mole -''* o v e r the s a m e 
r a n g e s . M a x i m a l act ivat ion of the N a - K + A T P a s e o c c u r e d at 
an A T P : M g 2 + ra t io of 1 :1 .3 , and at lOOmM N a + : 2 0 m M 
+ + + K . T h e N a - K A T P a s e was inhibi ted by ouabain with a pi 
va lue of 6 . 1 . T h e K m of N a t K + A T P a s e was 0 . 1 5 ± 0 . 0 1 
m M o l e l - 1 with no s i g n i f i c a n t d i f f e r e n c e between v a l u e s obtained 
at 2 0 ° C , 3 0 ° C and 4 0 ° C . The v a l u e s f o r V m a x were 1 1 3 . 6 ± 
42 , 213 - 53 and 373 - 109 f o r these t e m p e r a t u r e s r e s p e c t i v e l y . 
P h y s i o l o g i c a l s tud ies on f luid s e c r e t i o n by 
Malp igh ian tubules in v i t r o have shown s e c r e t i o n w a s inhibi ted 
by ouabain at concentra t ions g r e a t e r than 10" M , and a l s o 
i n the absence of N a + o r K + i o n s . T h i s s t rong ly suggested the 
i n v o l v e m e n t of N a t K + A T P a s e in s e c r e t i o n which was f u r t h e r 
i m p l i c a t e d by p o l a r o g r a p h i c s tud ie s showing a c o r r e s p o n d i n g 
35% reduct ion in oxugen uptake in the p r e s e n c e of ouabain , o r 
50 
4 
absence of K . S i m i l a r l y the t r a n s - w a l l potential has been 
shown to f a l l in these c i r c u m s t a n c e s . T h e opt imum 
t e m p e r a t u r e f o r s e c r e t i o n was 4 0 ° C , the p r o c e s s having an 
ac t ivat ion e n e r g y of 58 .307 K j o u l e s M o l e - ^ between 5 - 4 0 ° C . 
Rate of s e c r e t i o n w a s i n v e r s e l y proport iona l to o s m o t i c 
concentra t ion , and the ur ine w a s h y p e r o s m o t i c to the bathing 
m e d i u m by 2 2 . 9 + 2 . 6 m . O s m o l e s . F l u i d s e c r e t i o n w a s 
s t imula ted by c y c l i c A M P (3 x 10~^M), but 5 H T had no e f f e c t . 
P o t a s s i u m has been shown to be concentrated in the u r i n e , 
but a s e l e c t r o p h y s i o l o g i c a l s tud ie s r e v e a l e d that the t r a n s -
w a l l potential did not c o r r e s p o n d with the v a l u e s f o r K + 
pred ic ted by N E R N S T , the K + movement mus t have r e s u l t e d 
f r o m ac t ive t r a n s p o r t . 
U l t r a s t r u c t u r a l s tud ie s us ing both scanning and 
t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y i n n o r m a l and ouabain 
R i n g e r so lut ions r e v e a l e d that ouabain had no e f fect on 
s t r u c t u r e . 
T h e r e s u l t s were d i s c u s s e d i n t e r m s of the 
r e l a t i o n s h i p between c e l l s t r u c t u r e , f lu id s e c r e t i o n and 
N a + - K + A T P a s e a c t i v i t y . 
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G L O S S A R Y 
A . D . P . adenosine diphosphate 
A . T . P . adenosine tr iphosphate 
E . S . A . bovine s e r u m a l b u m e n ( F r a c t i o n V , S i g m a ) 
C y c l i c A . M . P . c y c l i c adenosine S'S' -monophosphate 
E . D . T . A . ethylene d i a m i n e t e t r a - a c e t i c ac id 
2+ 
Mg A T P a s e m a g n e s i u m ac t iva ted adenosine tr iphosphatase 
m V m i l l i v o l t s 
N a + - K + A T P a s e m a g n e s i u m dependent, s o d i u m , po tas s ium 
s t imula ted adenos ine tr iphosphate 
P i i n o r g a n i c phosphate 
r . p . m . revo lut ions p e r minute 
T r i s . t r i s (hydroxymethy l ) amino methane 
5 - H T 5 - h y d r o x y t r y p t a m i n e 
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C H A P T E R 1 
I N T R O D U C T I O N 
T h e s e c r e t i o n of u r i n e by the Malp igh ian tubules 
of i n s e c t s has been the subjec t of n u m e r o u s s tud ie s in the past 
( R A M S A Y , 1953, 1954, 1955, 1956; B E R R I D G E , 1965, 1968; 
M A D D R E L L , 1969; P I L C H E R , 1970; G E E , 1975) . A s a r e s u l t 
of these , and other s tud ie s (see r e v i e w by M A D D R E L L , 1971) 
a model has been proposed to exp la in f lu id t r a n s p o r t a c r o s s 
the w a l l s of the tubules . T h e m a i n f e a t u r e s of this model a r e 
that ac t ive t r a n s p o r t of ions takes p lace at the b a s a l and 
a p i c a l s u r f a c e s of the c e l l s and that w a t e r m o v e m e n t s a r e 
o s m o t i c a l l y l inked with ion m o v e m e n t s . In mos t i n s e c t s p e c i e s 
p o t a s s i u m has been shown to be the ion which i s a c t i v e l y 
pumped aga ins t a concentra t ion gradient to provide the o s m o t i c 
f o r c e n e c e s s a r y for f lu id t r a n s p o r t ( B E R R I D G E , 1968) , although 
there a r e some except ions , f o r example G l o s s i n a , i n which 
sod ium i s pumped ( G E E , 1975a) . B E R R I D G E and O S C H M A N 
(1969) have suggested that two ac t ive m e m b r a n e bound pumps a r e 
involved in cat ion t r a n s p o r t , an e l e c t r o g e n i c K + pump on the 
a p i c a l s u r f a c e and on the b a s a l s ide a coupled s o d i u m - p o t a s s i u m 
r e g a r d i n g the proposed s o d i u m - p o t a s s i u m exchange pump on the 
b a s a l s u r f a c e . T h e e n z y m e which has been shown to be r e s p o n s i b l e 
f o r the ac t ive t r a n s p o r t of monovalent c a t i o n s , and the a s s o c i a t e d 
p u m p . 
A g r e a t d e a l of c o n t r o v e r s y has developed 
6E' M-* 
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water movement a c r o s s many ep i the l ia i s a m a g n e s i u m 
dependent sod ium and p o t a s s i u m s t imula ted a d e n o s i n e -
tr iphosphatase ( N a + - K + A T P a s e ) ( E . C . 3 . 6 . 1 . 3 ; S K O U , 1965) . 
T h i s e n z y m e has been demons tra ted in a wide v a r i e t y of 
ep i the l ia f r o m n u m e r o u s a n i m a l s p e c i e s e . g . c r a b n e r v e 
( S K O U , 1957), c o c k r o a c h n e r v e ( G R A S S O , 1967) , e l a s m o b r a n c h 
r e c t u m ( B O N T I N G , 1966), m a m m a l i a n kidney ( W H I T T A M and 
W H E E L E R , 1961; S K O U , 1962 and K I N S O L V I N G et a l . . 
1963), dog p a n c r e a s ( R I D D E R S T A P and B O N T I N G , 1969), 
f rog and rat b r a i n ( B O W L E R and D U N C A N 1968 a and b 
r e s p e c t i v e l y ) and toad b ladder ( C R A B B E et a l . , 1974) to name 
but a f ew . It was suggested, t h e r e f o r e , that th is e n z y m e might 
a l s o be involved in ion and w a t e r movement a c r o s s the 
Malpighian tubules of i n s e c t s . E a r l y at tempts to d e m o n s t r a t e 
+ + 
the p r e s e n c e of a Na - K A T P a s e in i n s e c t Malp igh ian tubules 
w e r e , however , u n s u c c e s s f u l . B E R R I D G E and G U P T A (1968) 
fa i l ed to d e m o n s t r a t e the p r e s e n c e of a N a + - K + A T P a s e e i t h e r 
b i o c h e m i c a l l y or h i s t o c h e m i c a l l y and the only d e m o n s t r a t i o n of 
a m e m b r a n e A T P a s e w a s the e l e c t r o n h i s t o c h e m i c a l l o c a l i z a t i o n 
2+ 
of a Mg A T P a s e in both the a p i c a l and the b a s a l m e m b r a n e s 
( S M I T H , 1968) . M o r e r e c e n t l y P E A C O C K et a l . (1972) w e r e 
able to d e m o n s t r a t e , by b i o c h e m i c a l m e a n s , the p r e s e n c e of a 
N a + - K + A T P a s e e n z y m e in m i c r o s o m a l p r e p a r a t i o n s f r o m the 
hindgut and Malp igh ian tubules of two i n s e c t s , S c h i s t o c e r c a 
g r e g a r i a and J a m a i c a n a f l a v a . Subsequent s t u d i e s have 
8 
r e v e a l e d the p r e s e n c e of this e n z y m e in the hindgut and tubules 
of H o m o r o c o r y p h u s ni t idulus ( P E A C O C K et a l . , 1976) and in 
L o c u s t a m i g r a t o r i a ( P E A C O C K . 1975). 
One of the m a i n object ions r a i s e d c o n c e r n i n g the 
invo lvement of the N a - K + A T P a s e in f lu id s e c r e t i o n was the 
f a i l u r e , by s e v e r a l w o r k e r s , to d e m o n s t r a t e that f luid s e c r e t i o n 
by i so lated Malp igh ian tubules w a s s e n s i t i v e to the c a r d i a c 
g l y c o s i d e , ouabain; a s p e c i f i c N a ^ K + A T P a s e inh ib i tor 
( B E R R I D G E , 1968; M A D D R E L L , 1969; P I L C H E R 1970b and 
G E E , 1975). In c o n t r a s t , h o w e v e r , ouabain has been shown 
to ef fect s e c r e t i o n by the Malpighian tubules of D r o s o p h i l a 
hydei in v ivo ( A T Z A B A C H E R et a l . , 1974) and a l s o s e c r e t i o n 
in v i t ro by the Malp igh ian tubules of the p i l l m i l l i p e d e , 
G l o m e r i s m a r g i n a t a ( F A R Q U H A R S O N , 1974b) . T h e r e a r e two 
poss ib le r e a s o n s for this d i s c r e p a n c y . In the c a s e s where 
ouabain f a i l e d to have an e f fect it m a y be that it d id not r e a c h 
the s i te of ac t i ve t r a n s p o r t i n su f f i c i en t quantity, o r a l t e r n a t i v e l y 
it m a y be that the m e c h a n i s m of tubule funct ion v a r i e s f r o m one 
in sec t s p e c i e s to a n o t h e r . 
A f u r t h e r object ion to Na - K + A T P a s e invo lvement 
in f lu id s e c r e t i o n a c r o s s i n s e c t Malp igh ian tubules put f o r w a r d 
by M A D D R E L L (1971) w a s that an exchange pump provided no 
net t r a n s f e r of solute and consequent ly no o s m o t i c i m b a l a n c e 
would be c r e a t e d . T h i s object ion a s s u m e s , h o w e v e r , that the 
+ + 
Na : K exchange i s on a 1:1 b a s i s , wh ich i s not n e c e s s a r i l y 
the c a s e . Indeed in r e d blood c e l l s 3 N a + ions a r e moved in one 
d i r e c t i o n and 2 K + in the other f o r e a c h A T P bond sp l i t ( P O S T 
and S E N , 1967) . 
9 
T h e p r e s e n t study was c a r r i e d out in o r d e r to 
+ + 
c o n f i r m the p r e s e n c e of a N a - K A T P a s e i n the Malp igh ian 
tubules and hindgut of L o c u s t a m i g r a t o r i a m i g r a t o r i o i d e s 
( R + F ) , to p a r t i a l l y c h a r a c t e r i s e the e n z y m e , and to d e t e r m i n e 
the extent to which it i s involved in the m e c h a n i s m of f lu id 
s e c r e t i o n . O t h e r f a c t o r s inf luencing f lu id s e c r e t i o n by the 
tubules in v i t r o s u c h a s t e m p e r a t u r e , o s m o t i c concentra t ion 
and the in f luence of c y c l i c A M P and 5 H T w e r e a l s o s tudied , 
i 
with the a i m of provid ing g r e a t e r unders tanding of the m e c h a n i s m s 
invo lved in u r i n e product ion by the Malp igh ian tubules of L o c u s t a . 
T h r e e m a i n l i n e s of a p p r o a c h have been fol lowed throughout th is 
study : b i o c h e m i c a l , p h y s i o l o g i c a l and u l t r a s t r u c t u r a l . 
1 0 
C H A P T E R 2 
G e n e r a l M a t e r i a l s and Methods 
Maintenance of i n s e c t s 
Populat ions of L o c u s t a m i g r a t o r i a m i g r a t o r i o i d e s 
R and F , phase g r e g a r i a ( s p e c i m e n s of w h i c h w e r e o r i g i n a l l y 
suppl ied by P h i l i p H a r r i s , B i o l o g i c a l S u p p l i e s ) , w e r e housed 
H~* O *"f" f 
in an i n s e c t a r y at a t e m p e r a t u r e of 28 - 0 . 5 C , and 50 - 5% 
r e l a t i v e h u m i d i t y . A s l ight but continuous a i r exchange w a s 
obtained in the i n s e c t a r y due to two s m a l l v e n t i l a t o r s and a i r 
c i r c u l a t i o n was e f fec ted by two l a r g e e l e c t r i c f a n s . A 
constant photoperiod of 12 h o u r s light and 12 h o u r s d a r k w a s 
m a i n t a i n e d . T h e a n i m a l s w e r e r e a r e d in c a g e s (43cm x 5 8 c m 
x 58cm) ; these had a dexion angles m e t a l f r a m e w o r k with 
a l u m i n i m u m top and s i d e s , and a p e r s p e x f r o n t . T h e r e w a s a 
"fa l se" f l o o r to e a c h cage made i n p e r f o r a t e d a l u m i n i u m . T h i s 
contained four ho les into w h i c h p l a s t i c cups f i l l e d with sand w e r e 
put and into which f e m a l e l o c u s t s p laced t h e i r egg pods . T h e 
f a l s e f l o o r w a s s e p a r a t e d f r o m the true f l o o r by a s p a c e 10cm 
high and the f a e c e s f r o m the l o c u s t s p a s s e d through the ho les 
i n the f a l s e f l o o r into the s p a c e beneath . 
E a c h cage w a s i l luminated by. a s ing le 40 Watt bulb 
which r e s u l t e d in t e m p e r a t u r e s within the cages v e r y i n g a c c o r d i n g 
to p r o x i m i t y to the bulb, often r i s i n g to 4 0 ° C in the reg ion 
i m m e d i a t e l y adjacent to i t . Humidi ty a l s o v a r i e d a l i t t le 
1 1 
when f r e s h food and w a t e r w e r e s u p p l i e d . The l o c u s t s w e r e 
fed d a i l y on g r a s s , B e m a x and w a t e r . 
Throughout the ir deve lopment a n i m a l s w e r e 
r e a r e d at s u f f i c i e n t l y high dens i ty to e n s u r e the ir r e m a i n i n g 
"gregar ious" ( J O L Y and J O L Y , 1953) . 
G l a s s w a r e washing p r o c e d u r e 
A l l g l a s s w a r e was soaked overnight in 2% ( W / V ) 
"Quadra lene" l a b o r a t o r y detergent , then r i n s e d 6 t i m e s in tap 
water fo l lowed by 6 r i n s e s in d i s t i l l e d w a t e r . G l a s s w a r e w a s 
then d r i e d in d r y i n g o v e n s , but g l a s s / t e f l o n h o m o g e n i s e r s and 
centr i fuge tubes w e r e a l lowed to d r a i n at r o o m t e m p e r a t u r e . 
C h e m i c a l s : A l l r eagent s used w e r e the p u r e s t a v a i l a b l e and 
w e r e g e n e r a l l y suppl ied by S i g m a C o . , K i n g s t o n - u p o n - T h a m e s , 
S u r r e y , U . K . o r B . D . H . , P o o l e , D o r s e t , U . K . 
Insec t R i n g e r So lu t ion : U n l e s s s tated o t h e r w i s e in the text, 
the compos i t ion of the i n s e c t R i n g e r used i n most e x p e r i m e n t s 
w a s a s fo l lows : N a C l 1 2 9 m M , K C 1 8 . 6 m M , M g C l 2 6 H 2 0 8 . 5 m M , 
C a C l 2 2 m M . , N a H C 0 3 l 0 . 2 m M , N a H 2 P 0 4 4 . 3 m M , G l u c o s e 
3 4 m M P H 7 . 2 ( M A D D R E L L , 1969) . 
S t a t i s t i c a l techniques : 
S t a t i s t i c a l c o m p a r i s o n s of data w e r e p e r f o r m e d us ing 
convent ional techniques d e s c r i b e d by S N E D E C O R and C O C H R A N 
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c 
(1967) . Where n e c e s s a r y the s t a t i s t i c a l tables of F I S H E R and 
Y A T E S (1963) w e r e u s e d . V a l u e s and p r o b a b i l i t i e s l e s s than 
0 . 0 5 w e r e taken a s s i g n i f i c a n t . A n Ol ivet t i P r o g r a m m a 101 
p r o g r a m m a b l e c a l c u l a t o r w a s g e n e r a l l y u s e d . 
C H A P T E R 3 
S c a n n i n g and T r a n s m i s s i o n E l e c t r o n M i c r o s c o p e S t u d i e s of the 
U l t r a s t r u c t u r e of the Malpighian tubules of L o c u s t a m i g r a t o r i a 
Introduct ion 
In the past n u m e r o u s t r a n s m i s s i o n e l e c t r o n 
m i c r o s c o p e s tud ie s have been c a r r i e d out to d e t e r m i n e the 
u l t r a s t r u c t u r e of the Malp igh ian tubules f r o m a v a r i e t y of 
i n s e c t s , e . g . B E A M S et a l . (1955) Melanoplus d i f f e r e n t i a l i s ; 
T S U B O and B R A N D T (1962) D i s s o s t e i r a C a r o l i n a ; E E R R I D G E 
and O S C H M A N (1969) C a l l i p h o r a e r y t h r o c e p h a l a ; T A Y L O R 
(1971a and b) C a r a u s i u s m o r o s u s ; W A L L et al.. (1975) P e r i p l a n e t a 
a m e r i c a n a ; W E S S I N G arid E I C H E L B E R G (1975) D r o s o p h i l a 
m e l a n o g a s t e r and D r o s o p h i l a hydei : and P E A C O C K (1975) 
J a m a i c a n a f l a v a . A c o n s i d e r a b l e degree of u n i f o r m i t y has been 
shown to e x i s t in the u l t r a s t r u c t u r e of the ur ine s e c r e t o r y c e l l s in 
th i s wide v a r i e t y of i n s e c t s . A l l a r e one c e l l th ick with ex tens ive 
invaginat ions of the b a s a l and a p i c a l s u r f a c e s c r e a t i n g a c o m p l e x 
s y s t e m of e x t r a c e l l u l a r s p a c e s and c h a n n e l s . T h e s e 
invaginat ions produce a l a r g e s u r f a c e a r e a f o r f lu id t r a n s p o r t , 
and the n u m e r o u s mi tochondr ia a s s o c i a t e d with them suggest 
that t r a n s p o r t i s an e n e r g y r e q u i r i n g p r o c e s s . S i m i l a r 
s t r u c t u r e s a r e o b s e r v e d in many other s e c r e t o r y e p i t h e l i a , s u c h 
a s C a l l i p h o r a s a l i v a r y gland ( O S C H M A N and B E R R I D G E , 1970); 
ga l l b ladder ( K A Y E et a l . , 1966; T O R M A Y and D I A M O N D , 1967) 
and k idney ( R H O D I N , 1958); ( r e v i e w a r t i c l e B E R R I D G E and 
O S C H M A N , 1972) . 
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Many mode l s have been produced to exp la in the 
movement of w a t e r through e p i t h e l i a . D I A M O N D and B O S S E R T 
(1967, 1968) , and C U R R A N and M A C I N T O S H (1962) suggest 
w a t e r m o v e s p a s s i v e l y a s a r e s u l t of ac t ive ion " p u m p i n g " 
into the e x t r a c e l l u l a r s p a c e s c r e a t e d between the infoldings of 
the a p i c a l and b a s a l c e l l m e m b r a n e s . T h i s r e s u l t s in the f o r m a t i o n 
of l o c a l g r a d i e n t s which induce water m o v e m e n t . T h e s e 
t h e o r i e s o r i g i n a l l y proposed f o r rabbi t g a l l b l a d d e r , have been 
appl ied to the Malp igh ian tubules of C a l l i p h o r a by B E R R I D G E 
and O S C H M A N (1969) . 
In a number .o f i n s e c t s which have been s tudied 
a p p r o x i m a t e l y 1 % of the c e l l s making up the tubule a r e 
s t r u c t u r a l l y d i f f eren t f r o m the " n o r m a l " s e c r e t o r y c e l l s . 
T h e s e c e l l s have been c a l l e d Type ' I I c e l l s by T A Y L O R (1971b) i n 
C a r a u s i u s m o r o s u s , s te l la te c e l l s by B E R R I D G E and O S C H M A N 
(1969) in C a l l i p h o r a e r v t h r o c e p h a l a and by W A L L et a l (1975) in 
P e r i p l a n e t a a m e r i c a n a , and s e c o n d a r y c e l l s by P E A C O C K (1975) 
i n J a m a i c a n a f l a v a . T h e y a r e m u c h s m a l l e r than the " p r i m a r y " . 
( B E R R I D G E and O S C H M A N , 1969) o r T y p e I <iells 
( T A Y L O R 1971a) which make up the m a j o r i t y of the tubule , and they 
have reduced m i c r o v i l l i . The c y t o p l a s m of s e c o n d a r y c e l l s l a c k s 
v a c u o l e s and c o n c r e t i o n s but i s v e r y r i c h in e n d o p l a s m i c 
r e t i c u l u m , m u l t i v e s i c u l a r bodies , l y s o s o m e s , and Golg i b o d i e s . 
T h e i r p r e c i s e funct ion i s u n c e r t a i n , although it has been 
suggested that they m a y s e c r e t e a m u c o p o l y s a c c h a r i d e , ( M A R T O J A , 
1 9 5 6 , 1 9 5 9 , 1961; B E R K A L O F F , 1960 and G A B E , 1962 ) , o r 
r e a b s o r b N a + f r o m the lumen ( B E R R I D G E and O S C H M A N , 1969) . 
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T A Y L O R (1971b) sugges t s they might we l l p e r f o r m both of these 
funct ions - S e c o n d a r y c e l l s have been d e s c r i b e d in the 
Malpighian tubules of L o c u s t a m i g r a t o r i a by M A R T O J A (1959; 
1960); P E A C O C K (1975) and C H A R N L E Y (1975) , and w e r e a l s o 
o b s e r v e d i n the p r e s e n t s tudy . H o w e v e r , s i n c e they a r e 
apparent ly not d i r e c t l y c o n c e r n e d with the product ion of p r i m a r y 
urine" by the tubules , they w e r e omitted f r o m the p r e s e n t s tudy . 
R e c e n t l y , ex tens ive s tud ies on n o r m a l and d i s e a s e d 
kidney t i s sue ( A N D R E W S , 1973; 1974; 1975a and b; F U J I T A et a l . , 
1976) have r e v e a l e d the e n o r m o u s advantages of us ing 
t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y ( T . E . M . ) i n conjunct ion with 
s c a n n i n g e l e c t r o n m i c r o s c o p y ( S . E . M . ) to obtain a c l e a r e r 
knowledge of u l t r a s t r u c t u r e . T h e above w o r k e r s w e r e able to 
o b s e r v e f o r the f i r s t t ime c e r t a i n s t r u c t u r e s s u c h a s i so la t ed 
c i l i a on the l u m i n a l s u r f a c e of the p r o x i m a l and d i s t a l tubules 
and on the B o w m a n ' s c a p s u l e . V e r y l i t t le S . E . M . has been 
c a r r i e d out on i n s e c t gut, the except ions being K L E I N and 
A P P L E B A U M (1975) who studied the hindgut c u t i c l e of L o c u s t a 
m i g r a t o r i a , and C R O W D E R and S H A N K L A N D (1972) who studied 
the m u s c l e on the Malp igh ian tubules of P e r i p l a n e t a a m e r i c a n a . 
T o date no publ ished work h a s been presented on the u l t r a -
s t r u c t u r e of i n s e c t Malp igh ian tubules a s o b s e r v e d with the 
s c a n n i n g e l e c t r o n m i c r o s c o p e . 
T h e purpose of this study i s to examine the 
u l t r a s t r u c t u r e of the " p r i m a r y " c e l l s of the Malp igh ian tubules 
of L o c u s t a m i g r a t o r i a us ing a combinat ion of t r a n s m i s s i o n and 
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scann ing e l e c t r o n m i c r o s c o p y . The o b s e r v a t i o n s provide a 
b a s i s f o r the subsequent phys io log ica l s t u d i e s . 
M a t e r i a l s and Methods 
S e x u a l l y mature l o c u s t s of both s e x e s w e r e used 
f o r the u l t r a s t r u c t u r a l s t u d i e s . The technique of t i s s u e 
f ixat ion w a s i d e n t i c a l f o r scanning and t r a n s m i s s i o n e l e c t r o n 
m i c r o s c o p y . 
T h e a n i m a l s w e r e k i l l e d by decapitat ion and the 
Malp igh ian tubules , together with the adjoining " c o l l a r " of gut, 
w e r e qu ick ly d i s s e c t e d f r e e i n i c e cold R i n g e r so lut ion and 
f ixed in cold ( c a . 4 ° C ) 5°/o g lu tara ldehyde buffered with 0 . 1 M 
sod ium cacody la te (pH 7 .3 ) overn ight . The t i s s u e w a s then 
washed f o r 2 h o u r s in 0 . 1 M sodium cacodylate buf fer containing 
0. 2M s u c r o s e (pH 7 . 3 ) . Subsequent t reatment v a r i e d for the 
two t echn iques , and w i l l t h e r e f o r e , be d e s c r i b e d s e p a r a t e l y . 
1. S c a n n i n g e l e c t r o n m i c r o s c o p y ( S . E . M . ) 
T h e t i s s u e w a s dehydrated by pas s ing through a 
s e r i e s of acetones; 10 minute s in 70% and 90 7o and two p e r i o d s 
of 10 minutes in absolute ace tone . It was . then d r i e d us ing the 
C r i t i c a l - p o i n t d r y i n g technique ( P o l a r o n L t d . E 3 0 0 0 a p p a r a t u s ) . 
T h e d r i e d t i s sue w a s s tuck on meta l s tubs us ing two s ided 
s e l l o t a p e . In some c a s e s the tubules w e r e f r a c t u r e d on the 
stub to expose b r o k e n tubule ends and some tubules, w e r e 
s p l i t longi tudinal ly us ing a s c a l p e l . The t i s sue was then coated 
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with c a r b o n fol lowed by gold , both coat ings being c a r r i e d out 
under v a c u u m . The m a t e r i a l was examined us ing a C a m b r i d g e 
S t e r e o s c a n M a r k II e l e c t r o n m i c r o s c o p e . 
2 . T r a n s m i s s i o n e l e c t r o n m i c r o s c o p y ( T . E . M . ) 
F o l l o w i n g g lutara ldehyde f ixat ion the tubules w e r e 
subjec ted to post o s m i c a t i o n with 1% O s O ^ in 0=1M sod ium 
cacody la te (pH 7 .3 ) f o r 2 h o u r s . T h e y w e r e then treated 
a c c o r d i n g to the fo l lowing p r o c e d u r e : -
1) D e h y d r a t i o n through a s e r i e s of graded a l c o h o l s 
10 minutes in 95%, 2 x 30 minutes i n absolute 
a l c o h o l . 
2) 2 x 10 minute s in propylene ox ide . 
3) 50 : 50 m i x t u r e of E p o n r e s i n (see below) and 
propylene oxide overn ight . 
4) 8 hours in 100% E p o n . 
5) E m b e d d e d in f r e s h E p o n . P o l y m e r i s a t i o n w a s 
ef fected at 6 0 ° for 48 h o u r s . 
E p o n r e s i n : equal p a r t s of A ( E p o n 812 (62 v o l u m e s ) 
( D D S A (100 v o l u m e s ) 
B ( E p o n 812 (100 v o l u m e s ) 
(^MNA (89 v o l u m e s ) 
S i l v e r / s i l v e r gold s e c t i o n s w e r e cut on a R e i c h a r t 
N K u l t r a t o m e , expanded with d ie thyl e t h e r vapour and mounted 
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on uncoated copper g r i d s . S e c t i o n s w e r e s ta ined in u r a n y l 
acetate and lead c i t r a t e ( R E Y N O L D S , 1963) and w e r e e x a m i n e d 
i n an A E 1 8 0 1 e l e c t r o n m i c r o s c o p e . 
O b s e r v a t i o n s 
L o c u s t a m i g r a t o r i a have a p p r o x i m a t e l y 200 
Malp igh ian tubules . T h e s e a r e blind ending p i n k / b r o w n tubes 
1 5 - 2 0 m m long and 50 -80 \im i n d i a m e t e r . T h e y have a 
s i m i l a r morpho log ica l a p p e a r a n c e along the ir length, and l i e 
f r e e in the haemolymph r e a c h i n g a s f a r f o r w a r d a s the a n t e r i o r 
c a e c a e and back a s f a r a s the p o s t e r i o r end of the r e c t u m . 
T h e tubules open into the a l i m e n t a r y c a n a l v i a 12 i r r e g u l a r l y 
shaped ampul lae which l i e at the midgut/hindgut junct ion 
( P l a t e 1 ) . 
T h e Malp igh ian tubules a r e i n continuous 
w r i t h i n g motion due to the ac t ion of s p i r a l l y co i l ed m u s c l e s 
along the i r l ength . P A L M (1946) d e s c r i b e s the t y p i c a l 
"Orthopteran" a r r a n g e m e n t of m u s c l e on Malpighian tubules a s 
c o n s i s t i n g of two p a r a l l e l m u s c l e f i b r e s winding h e l i c a l l y along 
the length of the tubule. The tubule m u s c l e s of L o c u s t a 
would a p p e a r to be cons i s t ent with h i s d e s c r i p t i o n a s they 
c o n s i s t of two p a r a l l e l f i b r e s 5 -8 j im wide running v e r y c l o s e 
together ( l e s s than 3|im a p a r t ) (see P l a t e 2 ) . T h e m u s c l e 
f i b r e s a r e wrapped h e l i c a l l y around the tubules with a p p r o x i m a t e l y 
200|im between turns (P la te 8 ) . T h e m u s c l e s a p p e a r to be held 
in c l o s e contact with the tubule s u r f a c e a s they a r e c o v e r e d by a 
thin outer l a y e r of the b a s e m e n t m e m b r a n e (P la te 3 ) . N u m e r o u s 
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P L A T E 1 
L o w power scanning e l e c t r o n m i c r o g r a p h of the 
Malpighian tubules together with the " c o l l a r " of gut ( C ) to 
which they a r e a t tached . 
S c a l e = 600|im 
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P L A T E 2 
S c a n n i n g e l e c t r o n m i c r o g r a p h showing the two 
p a r a l l e l m u s c l e f i b r e s on the s u r f a c e of Malp igh ian tubule. 
S c a l e = lOjim 
P L A T E 3 
L o w power t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h 
showing a T . S . through one of the m u s c l e s ( M s ) on the 
s u r f a c e of a Malpighian tubule . The basement m e m b r a n e 
( B M ) can be seen on e i t h e r s ide of the m u s c l e . T h e b a s a l 
region of the Malpighian tubule (B) i s a l so shown. 
S c a l e = 2um 
P L A T E 4 
T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h showing a 
T . S . through a par t of the Malpighian tubule m u s c l e . T h e 
absence of thick f i l a m e n t s in c e r t a i n reg ions indicate that 
the sec t ion has p a s s e d through the I band ( I ) . Note a l s o the 
A band (A); Z m e m b r a n e ( Z ) ; B a s e m e n t m e m b r a n e ( B M ) ; 
Dyad (D); Mitochondrion (M); S a r c o p l a s m i c r e t i c u l u m ( S R ) 
and the T . s y s t e m ( T ) . 
S c a l e = 0 . 5 | i m 
P L A T E 5 
A high power t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h 
through the A band to show the a r r a n g e m e n t of the thick 
(myosin) and thin (act in) f i l a m e n t s . E a c h m y o s i n f i l a m e n t i s 
s u r r o u n d e d by a p p r o x i m a t e l y 12 ac t in f i l a m e n t s . 
S c a l e = 0 .25[ im 
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m i t o c h o n d r i a c a n be s een in the m u s c l e t i s s u e , and there i s 
a we l l developed T . s y s t e m and m u c h s a r c o p l a s m i c r e t i c u l u m 
( P l a t e s 3 and 4 ) . Although the ra t io of the a c t i n f i l a m e n t s to 
the m y o s i n f i l a m e n t s i s about 7:1, many of the a c t i n f i l a m e n t s 
a r e s h a r e d by s e v e r a l m y o s i n f i l a m e n t s . T h e r e s u l t i n g 
a r r a n g e m e n t i s that e a c h m y o s i n f i l a m e n t i s s u r r o u n d e d by about 
12 a c t i n f i l a m e n t s (P la te 5 ) . T h i s i s the typ ica l a r r a n g e m e n t 
o b s e r v e d in i n s e c t v i s c e r a l m u s c l e ( U S H E R W O O D , 1975) and 
w a s a l s o s e e n in the m u s c l e of Malp igh ian tubules of the 
c o c k r o a c h P e r i p l a n e t a a m e r i c a n a ( C R O W D E R and S H A N K L A N D , 
1972) . 
T h e Malp igh ian tubules a r e r i c h l y suppl ied with 
t r a c h e a . L a r g e t r a c h e a 200[im i n d i a m e t e r a r e found entwined 
in the tubule m a s s (P la te 6 ) , these g ive off n u m e r o u s b r a n c h e s 
which wind h e l i c a l l y around ind iv idua l tubules (P la te 8) often i n 
c l o s e a s s o c i a t i o n with the m u s c l e . E a c h t r a c h e a l b r a n c h g i v e s 
off n u m e r o u s t r a c h e o l e s which r u n a l l o v e r the s u r f a c e of the 
tubule penetrat ing the t i s sue ( P l a t e s 7 , 9 ) . T h e t r a c h e o l e s a r e 
enveloped between l a y e r s of the b a s e m e n t m e m b r a n e to 
e n s u r e in t imate contact with the c e l l u l a r i n t e r i o r of the tubule 
i s mainta ined (P la te 14) . 
T h e b a s e m e n t m e m b r a n e i s a complex l a y e r e d 
s t r u c t u r e 0 .3 [ im thick which ensheaths the outer s u r f a c e of the 
tubule ( P l a t e s 1 0 , 1 3 ) . T h e i n n e r l a y e r c o n s i s t s of a f e l t w o r k 
of f ine f i b r e s in a sponge l ike a r r a n g e m e n t . The middle l a y e r 
i s composed e n t i r e l y of f i b r e s running in a c i r c u l a r d i r e c t i o n . 
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P L A T E 6 
S c a n n i n g e l e c t r o n m i c r o g r a p h showing a l a r g e 
t r a c h e a ( T ) entwined in the Malpighian tubules . The taenidia 
l ining the t r a c h e a a r e c l e a r l y v i s i b l e . 
S c a l e = 75|im 
P L A T E 7 
S c a n n i n g e l e c t r o n m i c r o g r a p h showing a t r a c h e a l 
b r a n c h giving r i s e to n u m e r o u s t r a c h e o l e s (t) wh ich r a m i f y , 
o v e r the s u r f a c e of the tubule . 
S c a l e = 7 .5( im 
P L A T E 8 
S c a n n i n g e l e c t r o n m i c r o g r a p h of a Malp igh ian 
tubule. Note the "pa ired" a r r a n g e m e n t of the t r a c h e a ( T ) 
and m u s c l e (M) a s they s p i r a l around the tubule. N u m e r o u s 
t r a c h e o l a r b r a n c h e s c a n be s een running over the s u r f a c e of 
the tubule . 
S c a l e = 30|im 
P L A T E 9 
High power m i c r o g r a p h of a port ion of the tubule 
s u r f a c e showing the t r a c h e o l e s (t) r e f e r r e d to in the 
d e s c r i p t i o n of P l a t e 8 above . 




! m • 
7 
P L A T E 10 
L o w power t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h 
showing a T . S . of a Malp igh ian tubule . T h r e e m a i n r e g i o n s 
c a n be d i s t ingu i shed: B a s a l ( B ) c h a r a c t e r i s e d by 
invaginat ions of the b a s a l c e l l m e m b r a n e ; i n t e r m e d i a t e d ) 
which conta ins the n u c l e u s (N) and n u m e r o u s i n c l u s i o n s ; 
A p i c a l ( A ) w h i c h p o s s e s s e s n u m e r o u s m i c r o v i l l i (MV) which p r o j e c t 
into the l u m e n ( L ) . T h e tubule i s s u r r o u n d e d by a basement 
m e m b r a n e ( B M ) , i n w h i c h a t racheo le ( t ) i s embedded . 
S c a l e = 5ji,m 
P L A T E 11 
S c a n n i n g e l e c t r o n m i c r o g r a p h showing the b r o k e n 
end of a Malp igh ian tubule . B a s a l ( B ) , i n t e r m e d i a t e (I) and 
m i c r o v i l l i a p i c a l r e g i o n s ( M V ) can be d i s t i n g u i s h e d . 
Scale=10(.im 
P L A T E 12 
S c a n n i n g e l e c t r o n m i c r o g r a p h showing a tubule 
w h i c h has been f r a c t u r e d ob l ique ly . T h e m i c r o v i l l i l in ing 








. J r . 1 









T h e outer l a y e r r e s e m b l e s the i n n e r one c o n s i s t i n g of l a y e r s 
of fine m a t e r i a l . It i s part of this outer l a y e r w h i c h enve lopes 
the t r a c h e o l e s and m u s c l e s ( P l a t e s 3 , 1 0 , 1 4 ) . It has been 
suggested e l s e w h e r e that co l lagen f i b r e s a s s o c i a t e d with the 
outer l a y e r provide the e l a s t i c i t y to accomodate tubule motion 
( A S H U R S T , 1968; T A Y L O R , 1971a; W A L L et a l . . 1975) . 
T h e s t r u c t u r e of the p r i m a r y c e l l s a s s e e n with 
T . E . M . i s s i m i l a r to that d e s c r i b e d for other i n s e c t s . T h e 
c y t o p l a s m c a n be d iv ided into 3 d i s t inc t r e g i o n s ; b a s a l , 
i n t e r m e d i a t e and a p i c a l ( P l a t e s 1 0 , 1 1 , 1 2 ) . 
1. B a s a l reg ion 
T h e b a s a l c e l l m e m b r a n e i s e x t e n s i v e l y folded 
f o r m i n g a complex s y s t e m of long, n a r r o w e x t r a c e l l u l a r 
c h a n n e l s running p e r p e n d i c u l a r to the basement m e m b r a n e 
( P l a t e s 13, 14) . T h e c h a n n e l s extend a third to a q u a r t e r of 
the d i s t a n c e f r o m the b a s e m e n t m e m b r a n e to the base of the 
m i c r o v i l l i . T h e c y t o p l a s m i c plates between these e x t r a c e l l u l a r 
c h a n n e l s a r e 0 . 0 3 - 0 . l | i m wide and about 6jim long . W h e r e the 
b a s a l c e l l m e m b r a n e mee t s the basement m e m b r a n e , there i s 
an i n c r e a s e in e l e c t r o n dens i ty on the c y t o p l a s m i c s ide f o r m i n g 
a h e m i d e s m o s o m e junct ion s i m i l a r to that d e s c r i b e d by T A Y L O R , 
(1971a) i n the Malp igh ian tubules of C a r a u s i u s m o r o s u s , and by 
B E R R I D G E and O S C H M A N (1969) in C a l l i p h o r a . N u m e r o u s 
rod shaped and ova l mi tochondr ia a r e p r e s e n t , the m a j o r i t y 
with the ir long a x e s p a r a l l e l to the in fo ld ings . N u m e r o u s 
"coated d e p r e s s i o n s " and v e s i c l e s s i m i l a r to those o b s e r v e d 
P L A T E 13 
T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h showing a 
T . S . through the b a s a l reg ion of a Malp igh ian tubule . 
T h e n u m e r o u s info ld ings of the b a s a l c y t o p l a s m give r i s e 
to many e x t r a c e l l u l a r s p a c e s ( E S ) . W h e r e the b a s a l c e l l 
m e m b r a n e meet s the b a s e m e n t m e m b r a n e , there i s an 
i n c r e a s e in e l e c t r o n dens i ty on the c y t o p l a s m i c s ide f o r m i n g 
h e m i d e s m o s o m e junct ions (two of which a r e indicated by 
the white a r r o w s ) . Note a l s o the p r e s e n c e of s e v e r a l 
v e s i c l e s ( V ) , a c o n c r e t i o n ( C ) , n u m e r o u s m i t o c h o n d r i a 
( M ) , and the basement m e m b r a n e ( B M ) . 
S c a l e = l . O j i m 
P L A T E 14 
T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h of a T . S . 
through the b a s a l reg ion of a Malpighian tubule c e l l showing 
the t r a c h e o l e s embedded in the basement m e m b r a n e . 
T a e n i d i a - l i k e s p i r a l th ickenings a r e v i s i b l e in the l u m i n a l 
w a l l of the t r a c h e a . 
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by TAYLOR (1971a) and PEACOCK (1975) are also present 
(Plate 13). 
2. Intermediate region 
This zone contains the nucleus and most of 
the cellular inclusions. The nucleus is a large, roughly 
spherical body surrounded by a well defined nuclear 
membrane (Plate 10). The cytoplasm contains numerous 
vacuoles of various sizes. Some of these appear empty but 
others contain a variety of filaments, granules or concentric 
concretions (Plate 15). These closely resemble those 
observed by other workers (eg. B E R K A L O F F , 1958, 1959; 
WIGGLESWORTH and S A L P E T E R , 1962; GOURANTON, 1968; 
W A L L et al 1975; WESSING and E I C H E L B E R G , 1975). 
Multivesicular bodies (TAYLOR, 1970) are also observed 
(Plate 17). The cytoplasm also contains many mitochondria, 
together with Golgi bodies, lysosomes, rough and smooth 
endoplasmic reticulum and fre"e ribosomes (Plate 15). The 
many small, round areas of electron dense material 
observed may be stages in the degeneration of mitochondria 
(WIGGLESWORTH and S A L P E T E R , 1968) or "formed bodies" 
( R I E G E L , 1966) (Plate 17). 
3. Apical region 
The apical surface "• is composed of tightly 
packed microvilli which project into the lumen (Plates 19, 
20). 
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P L A T E 15- 18 
Transmission electron micrographs of a T . S . 
through the intermediate region showing the various 
structrures observed. 
P L A T E 15 
Note the presence of numerous concretions (C) 
of various electron density and the presence of numerous 
mitochondria and free ribosomes. (R) 
Scale = 1.0|im 
P L A T E 16 
Electron micrograph showing the junction between 
two adjacent cells in the apical region. The cell membranes 
are joined laterally by a septate desmosome junction ( S . D . ) . 
In the apical region the desmosome widens out to form a 
zonula adhaerens junction ( Z . A . ) in which a layer of electron 
dense material is attached to the cytoplasmic side of the 
membrane. There is a short distance between the zonula 
adhaerens and the septate desmosome where the membrane 
has no junctional structure. 
Scale = 0.75|im 
P L A T E 17 
Electron micrograph showing the detailed 
structure of the multivesicular bodies (MB). Note also the 
presence of smooth endoplasmic reticulum (SER) and rough 
endoplasmic reticulum (RER) . 
Scale = 1.0|im 
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P L A T E 18 
High power micrograph of a septate desmosome 
in the apical region. Note the convoluted nature of the 
desmosome. 
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They are 3.5-5|j,m in length and 0.1-0.2|im in diameter. 
Many have swollen tips which often contain mitochondria, and 
elongated mitochondria are also found in the cylindrical portion 
of the microvilli. Most microvilli arise from the apical 
surface singularly although several microvilli may share a 
common stem. Occasionally branching of the microvilli is 
observed (Plates 19, 20).Small vesicles similar to those 
described by T A Y L O R (1971a) can be seen at the base of the 
microvilli and also in some cases at the swollen tips. Most of 
the microvilli also contain endoplasmic reticulum which 
extends some way up, but not as far as the tip. (Plate 19). 
This was also observed in Jamaicana (PEACOCK, 1975), 
Carausius (TAYLOR, 1971a), Periplaneta (WALL et al , 1975) 
and Drosophila ( E I C H E L B E R G and WESSING, 1975). 
The cell membranes of adjacent primary cells 
are joined to one another laterally by septate desmosome 
junctions (DANILOVA et al , 1969) (Plate 18). In the apical 
region the desmosomes normally widen out to form zonula 
adhaerens junctions in which a layer of electron dense 
material is attached to the cytoplasm side of the membrane 
(Plate 16). There is a short zone between the zonula adhaerens 
and the septate desmosome where the membrane has no 
junctional structure (SMITH, 1968). Junctions of the macula 
occludens type can be seen in the basal region joining two 
sides of the membrane across the extracellular space. 
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P L A T E 19 
Transmission electron micrograph of the apical 
region showing numerous club-shaped microvilli. 
Numerous mitochondria (M) are present in the apical cyto-
plasm. Branching of the microvilli can be observed 
(indicated by an arrow t ) and some microvilli share a 
common stem (indicated by * ) . Note also coated vesicles (v) 
in the microvilli and the presence of rough endoplasmic 
reticulum (RER) . 
Scale = 1. 5|im 
P L A T E 20 
High power scanning electron micrograph of the 
broken end of a Malpighian tubule showing detail of the 
microvilli . 
Scale = 4fim 
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P L A T E 21 
Scanning electron micrograph of the luminal 
surface of the alimentary canal at the junction between the 
midgut (MG) and hindgut(HG). The opening of the ampullae (A) of 
the Malpighian tubules can'be observed. Note also the 3 
prominent cuticular pads in the hindgut region. 
Scale=200j.im 
P L A T E 22 
Scanning electron micrograph showing the detail 
of a single ampullar opening. 
Scale=40(im 
P L A T E 23 
Scanning electron micrograph of the luminal surface 
of midgut showing numerous long microvilli. 
Scale=10p.m 
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As was mentioned earlier the tubules enter 
the gut via a. series of ampullae 95-l00|im in diameter which 
lie in a ring around the midgut/hindgut junction (Plate 21,22). 
It is not possible to detect muscle sphincters at the opening of 
the ampullae into the gut as suggested by PALM (1946). The 
internal structure of the canals resembles that of the tubules, 
but the microvilli appear to be slightly shorter. 
There is a sharp contrast between the tissue 
of the midgut and that of the hindgut, and this is well 
illustrated in Plates 21,22,23,24 , the midgut being lined by 
microvilli whereas hindgut lining consists of a series of 
cuticular folds approxiamtely 3|im wide (Plates 25, 26). 
On the surface of the cuticle there are numerous spines 
which are directed towards the hindgut, these were also 
observed by K L E I N and A P P L E B A U M (1975) in Locusta. ' 
Discussion 
It would seem from the ultrastructural 
studies that the structure of the primary cells of the 
Malpighian tubules of Locusta migratoria very closely 
resembles that observed for other species (BEAMS et al , 
1955; TSUBO and BRANDT, 1962; B E R K A L O F F , 1960; 
WIGGLESWORTH and S A L P E T E R , 1962; BERRIDGE and 
OSCHMAN, 1969; T A Y L O R , 1971a; WALL et al , 1975) 
being characterised by the presence of highly folded apical 
and basal surfaces. As was mentioned earlier the numerous 
33 
P L A T E 24 
Scanning electron micrograph of the cuticular-
lining of the hindgut lumen. Note the numerous cuticular 
spines projecting from its surface. These are directed 
towards the rectum. 
Scale = 20|im 
P L A T E 25 
Scanning electron micrograph showing 
detail of the surface structure of a cuticular pad in the 
hindgut. Note the extensive folding and the presence of 
spines directed towards the rectum. 
Scale = I0|im 
P L A T E 26 
Scanning electron micrograph of the region 
between two adjacent cuticular pads. The top of the 
mircograph is nearest the rectum. 
Scale = 40(i m 
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invaginations of the apical and basal cell membranes 
provide a large surface area for ion and water transport, but 
it is thought that the "architecture" of such invaginations 
has a direct bearing on ion and water movement across the 
epithelia. DIAMOND and B O S S E R T (1967) proposed a model 
to demonstrate the interrelationship of structure and function 
in fluid transport across rabbit gall bladder. This was later 
applied to insects by BERRIDGE and OSCHMAN( 1969) to 
explain the transport across the Malpighian tubules of 
Calliphora . The basis of the model ("standing gradient 
hypothesis ") is that localised osmotic gradients are developed 
within the extracellular spaces formed by the basal and apical 
membrane invaginations. F i g . 3:1 shows the DIAMOND and 
B O S S E R T (1968) model for fluid flow in and out of "forward 
facing" and "backward.facing" channels. "Forward facing" 
channels face in the direction of fluid flow and are, therefore, 
found between the microvilli . "Backward facing" channels 
face in the opposite direction to fluid flow, and are represented 
by the basal infoldings. Active solute uptake from the basal 
channels into the cytoplasm makes the channel fluid 
hypotonic with respect to the cytoplasm. Water, therefore, 
follows passively as a result of the osmotic gradient. The 
solute in the channel will gradually be replaced by diffusion of 
solute from the haemolymph. In the steady state, therefore, a 
"standing osmotic gradient" is maintained in the channel by 
active solute transport with osmolarity decreasing progressively 
3 5 
FIG . 3:1 
Application of the standing gradient hypothesis 
of solute-linked water transport to provide a model for urine 
formation by the Malpighian tubules, (redrawn from BERRIDGE 
and OSCHMAN, 1969) 
Basal Surface : Active solute uptake (~^>) from the basal infolds 
( A - B ) into the cytoplasm ( C - D ) makes the channel fluid 
hypotonic with respect to the cytoplasm. Water follows 
passively as a result of the osmotic gradient (—^). A standing 
gradient exists in the basal infold ( A - B ) with the osmolarity 
decreasing from the open end to the closed end similarly a 
gradient occurs in the cytoplasm projection (C-D) . (Gradients 
are indicated by the density of dots). Gradients cause solute to 
move down towards the less concentrated region. 
Apical Surface : Active solute uptake from the microvilli ( E - F ) 
leads to increased osmolarity of the fluid in the channels 
between the microvilli (G-H). Water follows passively. 
A standing gradient exists in the channel G-H with osmolarity 
decreasing from the closed end to the open end, and similarly 














from the open end to the closed end. A fluid of fixed 
osmolarity (isotonic or hypertonic depending on such 
parameters as radius, length, and water permeability) 
constantly enters the channel at the mouth and is secreted 
across its walls. The reverse situation occurs in the 
microvilli. Solute is actively transported into the channel 
across the walls of the microvilli making the channel fluid 
hypertonic with respect to the cytoplasm. Water follows 
passively, therefore, as a result of osmosis. The excess 
solute in the channel gradually diffuses down its 
concentration gradient towards the open mouth . In the steady 
state, therefore, a 1'standing gradient'1 is maintained with 
osmolarity decreasing progressively from the open end to the 
closed end. A fluid of fixed osmolarity (isotonic or hypertonic 
depending on the perameters of the system) will constantly 
emerge from the mouth. The dimensions and structure of the 
tubule cells in Locusta certainly suggest that standing 
gradients could be formed and may be important in fluid 
transport. The presence of numerous mitochondria 
associated with the membrane invaginations together with the 
extensive tracheal supply suggest high metabolic demands by 
the tissue in this area. This would be expected if localised 
active transport was taking place. 
A certain amount of cytopemptic activity has 
been shown in some insects such as Gryllus domesticus 
( B E R K A L O F F , 1960) Drosophila (WESSING, 1965; 
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E I C H E L B E R G and WESSING, 1975) and Carausius (TAYLOR, 
1971a) In these species numerous small, coated vesicles were 
observed throughout the cytoplasm. Experiments using tracers 
such as 3-hydroxykynurenin were able to demonstrate in 
Drosophila that the vesicles arise from the basal cellular 
membrane infoldings and pass through the cell cytoplasm to 
the lumen where they empty their contents. While the vesicles 
pass through the cytoplasm they are often connected to the 
channels in the endoplasmic reticulum ( E I C H E L B E R . G and 
WESSING, 1975). The presence of similar vesicles in the basal, 
intermediate and apical regions of Locusta Malpighian 
tubules suggest that some substances may be transported 
across the tubule in this manner. TAYLOR( 1971a) points out, 
however, that although substances are clearly transported 
from the haemolymph to the lumen in vesicles it is unlikely 
that this process contributes in any way to normal urine 
production. He bases his rejection of this mechanism on the fact 
that vesicle formation and movement would have to be 
impossibly rapid to produce sufficient volumes of urine. 
R I E G E L (1966) observed membrane bound 
"formed bodies" in the urine of the stick insect 
Carausius morosus and in fluid secreted from frog nephron, 
and crayfish anntenal gland. These are lysosome like 
spherical vesicles approximately 20|im in diameter which 
contain protein and proteases. These are thought to be formed 
in the cytoplasm, and secreted into the lumen of the Malpighian tubules. 
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R I E G E L ' S theory (1970) is that, once in the lumen the proteases 
become activated resulting in the hydrolysis of the proteins. 
This increases the osmotic pressure within the "formed bodies"; 
water enters by osmosis and the "formed bodies" swell. Solutes 
within the lumen that are unable to penetrate the "formed bodies" 
become concentrated as water is drawn into the "formed bodies". 
The increased osmotic pressure of the luminal fluid then draws 
water across the epithelial cell layer by osmosis. T A Y L O R 
(1971a) also working with Carausius was, however, unable to 
detect any evidence for "formed bodies". He also suggests that 
the membrane bound vesicles observed in the lumen of Rhodnius 
Malpighian tubules by WIGGLESWORTH and S A L P E T E R (1962) 
which were suggested by R I E G E L (1966) to be formed bodies 
were, in fact, merely fixation artefacts. In Locusta the 
cytoplasm contains numerous inclusions some of which super-
ficially resemble "formed bodies". However, in the present 
study the-re was a complete absence of such bodies in the lumen. 
There are a variety of cytoplasmic inclusions 
in Locusta (Plates 16, 17) ranging from vacuoles and 
multivesicular bodies to various stages in the formation 
of the laminated inclusions which have been observed in 
many insects. There has been much controversy in the past 
as to the nature of the laminated inclusions. B E R K A L O F F 
(1958, 1959) and SRIVASTAVA (1962) working on 
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Gryllus domesticus and the Lepidopteran Corcyra 
cephalonica respectively suggest that they are urate spheres. 
WIGGLESWORTH and S A L P E T E R (1962) using Rhodnius, 
and GOURANTON (1968) using Homopterans were, however, 
unable to show the presence of urate, but identified 
2+ 2+ 3+ substances such as Ca , Mg , Fe carbonates and 
phosphates together with acid mucpolysaccharide. It is , 
therefore, most likely that these structures in the locust are 
sites of calcium phosphate storage. However further studies 
will be necessary to confirm or refute this fact. 
The embryological origin of the Malpighian 
tubules has been another very controversial topic. Opinion 
has differed on whether the tubules are derived from midgut 
or hindgut tissue (review S RIVASTAVA and KHARE, 1966). 
SAVAGE (1956, 1962) has shown histological 
similarities between the Malpighian tubules and the midgut in 
Schistocerca and Carausius respectively suggesting the 
tubules, like the midgut,have an endodermal origin. 
SRIVASTAVA a n c ' KHARE (1962) disagree with this view as 
the Malpighian tubules of the Lepidopteran Philpsamia bud 
off from the blind end of the proctodeal invagination before 
the mesenteron has formed. These authors also point out 
that histological similarity does not prove common 
embryological origin. W A L L et al (1975) have examined the 
ultrastructure of the Malpighian tubules, ampullae and 
midgut of Periplaneta americana using transmission 
electron microscopy. They find very striking similarities 
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at the ultrastructural level showing that the tubules have 
similar microvilli and basal infoldings and are anatomically 
continuous with the ampullae and midgut. They suggest that 
the origin of the Malpighian tubules was endodermal. The 
present studies using scanning electron microscopy are in 
agreement with the observations of W A L L et al (1975) the 
midgut, ampullae, and Malpighian tubules all possessing 
microvilli whereas the hindgut is lined with cuticle. The 
great similarity between the midgut, ampullae and tubules 
suggest .that they have a common origin in Locusta migratoria . 
The use of scanning electron microscopy 
in addition to transmission electron microscopy has greatly 
aided the study of the Malpighian tubules of the locust and 
has helped to produce a clearer picture of their structure. 
As WESSING and E I C H E L B E R G (1975) have stated 11 In the 
Malpighian tubule the function and architecture doubtless 
correspond". The subsequent chapters will attempt to 
demonstrate the relationship between the two. 
C H A P T E R 4 
2+ + + Biochemical studies on the Mg dependent Na - K Stimulated 
ATPase from the Malpighian tubules and hindgut of Locusta 
migratoria 
Introduction 
The enzyme responsible for the movement of 
monovalent cations and fluid in most secretory and absorptive 
epithelia is a magnesium dependent, sodium and potassium 
stimulated adenosinetriphosphate (Na- K + ATPase) (E . C .3 . 6.1. 3.. 
SKOU, 1965). It is likely that insects are no exception and 
BERRIDGE (1967, 1968a) has strongly implicated Nat K + A T P a s e 
involvement in the function of the Malpighian tubules and rectal 
sac of Calliphora . He was not, however, able to demonstrate 
this experimentally. 
The Na- K ATPase enzyme was first recognised 
by SKOU in 1957 using crab nerve. Subsequently it has been 
demonstrated in numerous other tissues from a range of animal 
species (extensive reviews : WHITTAM and W H E E L E R , 1970; 
B A K E R , 1972; SCHWARTZ et a l . , 1972; DAHL and HOKIN, 
1974). A Na - K^ATPase enzyme from any source has 
the following basic characteristics (SKOU, 1965). 
1) Located on cell membranes. 
2) Capable of hydrolysing A T P and thus converting the energy 
from A T P into the cation movement. 
2+ 
3) Requires Mg 
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4) Stimulated by the simultaneous presence of Na and K 
( i .e . synergistic stimulation). 
5) Inhibited by the cardiac glycoside, ouabain. 
6) The rate of ATP hydrolysis is dependent on the concentration 
of the Na inside the cell and the K outside the cell as there 
is a sodium site on the internal face, and a potassium site on 
the outer face. The cations are translocated across the 
membrane by the enzyme. In red blood cells 3Na + ions 
are moved in one direction and 2K in the other for each 
A T P bond split (POST and S E N , 1967). 
7) Characteristically a second ATPase enzyme exists in 
+ + 2+ association with the Na -K ATPase . It is a Mg ATPase 
2+ 
which is not inhibited by ouabain. The function of the Mg 
ATPase is still not clearly understood. It is not directly 
involved in monovalent cation transport and is thought to be 
a separate enzyme ( N A K A O e t a l . , 1963). It has been 
suggested that it may be important in controlling passive 
permeability (BOWLER and DUNCAN, 1967) or in calcium 
transport (WINS and S C H O F F E N I E L S , 1966, and SCHATZMAN 
and VINCENZI, 1969) but no definite conclusions have been 
reached. 
Numerous models have been proposed to explain 
how the N a + K + A T P a s e enzyme works (recent reviews 
WHITTAM and C H I P P E R F I E L D , 1975, and SKOU, 1975). 
Most agree that transport occurs in a series of steps 
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involving conformational changes of the enzyme related to 
cyclic phosphorylation and dephosphorylation. In the 
dephosphorylated form the Na"1 site faces inwards. Once 
N a + in bound phosphorylation occurs enabling a conformational 
change to take place. This transfers Na to the outside of the 
membrane where it is deposited and exposes the K site on that 
surface. Once K ' is attached dephosphorylation occurs 
converting the enzyme back to its original form, and depositing 
K + on the internal surface of the membrane. A generally 
accepted model proposed by WHITTAM and C H I P P E R F I E L D 
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In this model E represents the Na -K ATPase 
enzyme and E ^ P and E 2 P are phosphorylated intermediates 
formed during the translocation of N a + from the inside to the 
outside of the membrane. Once K + becomes attached on the 
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outer side the enzyme becomes dephosphorylated (represented 
by E - • • -ft-• -Pi) and the resulting conformational change deposits 
K + on the inside . 
Ouabain acts as a competitive inhibitor at the K + 
site. Once it is attached it remains in position thus 
preventing further K *" attachment, dephosphorylation, or 
translocation. (CHARNOCK and POST, 1963a). 
The phosphorylated intermediates proposed by the 
models have now been isolated and identified as acyl phosphates 
(NAGANO et al . , 1965; HOKIN et al . , 1965; BADER et a l . , 1966). 
There is stil l , however, some confusion as to the precise nature 
of the acyl phosphate, with ICAHLENBERG et al . , (1968) 
proposing an L-glutamyl phosphate, whilst DEGANI and B O Y E R 
(1973) and POST and K L U M E (1973) suggest it is a (3-aspartyl 
phosphate. These differences may, perhaps, be best resolved 
along the lines suggested earlier by POST et al . , (1965) and 
FAHN et a l . (1966) that more than one phosphorylated intermediate 
may be involved. 
There have been many problems in obtaining pure 
samples of N a + - K + A T P a s e to establish its structure due to its 
firm association with plasma membranes. 
Recently the enzyme has been isolated in nearly 
pure form by several workers using a variety of separation 
techniques. (UESEGI et a l . , 1971; K Y T E , 1971; HOKIN et al . , 
1973; HOKIN, 1974; J 0 R G E N S E N , 1974a and b). From 
such studies it is suggested that the ATPase consists almost 
entirely of two protein chains, a large polypeptide of MW 
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85,000-95,000 and a sialoglycoprotein of M.W. 5000-6000. 
Experiments have shown that it is the large protein chain 
which possesses the binding sits for Na^, K^, ATP and 
oubain (HART and T I T U S , 1973) and which becomes 
phosphorylated when A T P is split (UESUGI et al . , 1971; 
K Y T E , 1971b). The precise function of the glycoprotein is 
uncertain but it is likely that it is necessary for ATPase 
function as it has been shown to be extremely closely 
associated to the large unit both by cross linkage studies 
( K Y T E , 1972) and treatment with antibodies (JEAN et a l . , 
1975; RHEE and HOKIN, 1975). The latter work suggests 
that the functional ATPase unit is an oligomer formed from 2 
large chains and 2 small chains. 
In SKOU'S early work active ATPase preparations 
were isolated by homogenization in a sucrose medium 
containing a chelating agent such as ethylendiam'etetra-acetic 
acid (EDTA). This was followed by differential centrifugation 
to yield a microsomal preparation. This technique was 
subsequently modified to increase the N a + - K + A T P a s e activity 
by chemically breaking up the membranes and vesicles which 
bind the enzyme. SKOU (1962) and J0RGENSEN and SKOU 
(1969) showed that the presence of sodium deoxycholate in the 
homogenization medium greatly increased the level of Na - K 
2+ 
ATPase activity compared to the Mg ATPase level. The 
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work of NAKAO et al . (1963) illustrated the effectiveness of 
high concentrations of sodium iodide (Nal) in producing 
preparations with high N a + - K + A T P a s e activity. ROBINSON 
(1967) has shown that a combination of the two increases the 
N a + - K + A T P a s e : Mg 2 + -ATPase ratio still further. AHMED 
and JUDAH (1964) also showed an additional improvement 
by the use of Mannitol in place of sucrose in the homogenization 
medium. 
To date very little work has been carried out using 
insect tissue. Early biochemical studies using sucrose 
+ 4-
extraction on cockroach leg muscle failed to show any Na -K. 
ATPase activity (WAREHAM et a l . , 1968). BERRIDGE and 
GUPTA (1968) were also unable to demonstrate biochemically 
the presence of a Na + -K^ATPase in Calliphora rectum, despite 
2+ 
showing the presence of a Mg ATPase by histochemical methods. 
The first successes were with nervous tissue when GRASSO 
(1967) managed to extract and characterize a Na - K ATPase 
from cockroach nerve cord and CHENG and CUTKOMP (1972) 
identified it in bee brain. The first demonstration of an active 
N a + - K + A T P a s e enzyrnje. in the hindgut and Malpighian tubules 
was carried out by PEACOCK et al . (1972) using two insects 
Schistocerca gregaria and Jamaicana flava. The extraction 
technique employed in this study involved the use of sodium 
+ + 
iodide, deoxycholate and mannitol to increase the Na-K ATPase 
Mg 2 + ATPase ratio. Subsequently PEACOCK (1975; 1976) 
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demonstrated a similar enzyme in the hindgut and Malpighian 
tubules of Locusta migratoria, and also in the tettigoniid 
Homorocoryphus nitidulus vicinus (PEACOCK et a l . , 1976). The 
rectal epithelium of Periplaneta americana has also recently been 
shown to possess a N a + - K + A T P a s e (TOLMAN and S T E E L E , 1976). 
The purpose of the present work is to confirm the 
presence of a N a + - K + A T P a s e in the Malpighian tubules and 
hindgut of Locusta migratoria migratorioides R and F , and to 
characterise it with a view to comparing it with ATPase from 
other sources. 
Materials and Methods 
The method employed was essentially that described 
by PEACOCK et a l . (1972). 
1) Preparation of membrane microsomal fraction 
Approximately equal numbers of male and female 
locusts were used. The number varied depending on the size of 
the experiment but was generally about 12. Individuals were 
killed by decapitation and the guts quickly dissected free and 
placed in homogenization medium in a glass petri-dish surrounded 
by ice. Homogenization medium consisted of : 250mM Mannitol , 
5mM E . D . T . A . ,0.1% sodium deoxycholatean 30mM Histidine/ 
HC1 pH 7.2. The guts were severed anterior to the junction with 
the Malpighian tubules and any gut contents removed. After 
quickly rinsing the tissues in fresh medium they were transferred 
to a homogenization tube containing lOmls of homogenization 
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medium and stored on ice until ready to use. The medium in 
the petri dish was changed after every third dissection to 
prevent contamination by gut contents. For some experiments 
the Malpighian tubules alone were required and so the gut was 
severed on either side of the point where the tubules join the gut. 
This small ring of tissue plus the attached tubules was used. 
For other experiments only the rectal sacs were used. 
Homogenization was carried out in a Potter-Elvehjem 
homogenizer with a Teflon pestle (clearance 0.1 to 0.15mm) with 
20 passes of the plunger at 1000 rev/min. The homogenization 
tube was surrounded by ice throughout this procedure. The 
resulting homogenate was extracted using sodium iodide solution 
consisting of 4mM Nal, 5mM MgCl 2 6H 2 0, lOmM E . D . T . A . pH 
7.2 after the method of NAKAO et al.,(1965.) The homogenate 
was then transferred to a 100ml Pyrex conical flask and lOmls 
of Nal solution was mixed with it. The mixture was then allowed 
to stand for 30 minutes on ice. After this extraction time it was 
diluted in the ratio of 2 Nal extract : 3 ^ 0 by the addition of 30mls 
of deionized water. This produced a final Nal concentration of 
0.8mM. 
Centrifugation was carried out at 0°C in an M . S . E . 
Automatic Superspeed 40, head number 2409. The dilute 
homogenate was transferred to thin walled polypropylene tubes 
and was centrifuged for 30 minutes at 50,000g (27,000 rpm). 
The pellet was discarded and the supernatant centrifuged at 
100,000g (38,000 rpm) for 60 minutes. The supernatant was 
discarded and the pellet resuspended in approximately lOmls of 
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washing medium consisting of 5mM NaCl, 5mM EDTA 
pH 7.2. Resuspension was achieved by uptake and 
extrusion of washing medium surrounding the pellet using 
a Pasteur pipette. The preparation was centrifuged for 45 
minutes at 100,000g, and then the complete washing 
procedure was repeated. The resulting microsomal 
pellet was resuspended in ice cold deionized water and 
was homogenized gently (approximately 6 passes of the 
plunger) to ensure an even suspension. The volume of the 
final suspension varied depending on the size of the 
experiment, but sufficient animals were used to ensure 
the final protein content did not fall below 80jj.g/ml. 
ii) Experimental Procedure 
Unless otherwise stated experiments 
were run at 30°C for 30 minutes. The temperature of 
4* O 
the water bath was controlled to - 0.1 C by a 500 watt 
immersion heater connected by a hot wire switch relay 
(Sunvic controls Ltd.) to a "Jumos" electric current 
thermometer (A.Gallenkamp and Co. Ltd.) 
Appropiate reaction media were 
equilibrated for 10 minutes in the water bath-in MSE 
borosilicate centrifuge tubes. These consisted of 1ml of 
ionic medium, 0.5ml of 12mM Tr i s ATP (Method of 
2+ 
preparation see Appendix 4(i) ) . Generally, the Mg 
ATPase activity was determined in a reaction medium 
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with the final concentrations as follows: 4mM MgC^ in 
50 mM Histidine/HCl pH 7.2 , and the Na± K + A T P a s e 
in a reaction medium with final concentrations of 4mM MgC^i 
20mM KC1, lOOmM NaCl in 50mM Histidine/HCl pH 7.2. In 
those cases where the compositions of the reaction media differed 
from these, the new media will be referred to in the text. 
Reactions were started by the addition of 0.5mls. homogenate, 
and they were stopped by adding 4mls of a 1:1 mixture of 
l"/o lubrol W (or Cirrasol ALN-WF) in deionized water and 
1% ammonium molybdate in 1.8N H 2 S 0 4 (ATKINSON et al , 
1973). The tubes were left for 10 minutes at room 
temperature to allow the yellow colour to develop', and they 
were then transferred to crushed ice. Control tubes 
assaying non-enzymatic hydrolysis of A T P were set up in 
each experiment. These tubes contained the normal 
reaction media and were incubated for the same time as the 
experimental tubes, but the microsomal suspension was not 
added until immediately after the lubrol. Any protein that 
precipated was removed by centrifugation at lOOOg in a MSE 
Mistral 2L refrigerated centrifuge for 10 minutes at 0°C, 
and the supernatant was poured into fresh, pre-cooled 
Pyrex test tubes and stored on ice. Subsequently they were 
transferred into glass cuvettes and the optical density 
determined against a distilled water blank at 390nm. on a 
Pye Unicam Dual Beam Spectrophotometer with a tungsten 
filament light source and a 10mm light path. 
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iii) Estimation of the Na - K ATPase- Activity 
The Na - K ATPase activity was calculated as 
2+ 
the difference between the activity in the presence of Mg 
2+ 
ions alone, when only the Mg component was able to work, 
2+ + + and the value when Mg , Na and K ions are present in 
2+ + + the medium when both the Mg and the Na - K ATPases 
2 h 
would be active. The Mg ATPase activity was calculated 
by subtracting the values for the control tubes from those 
2+ 
containing Mg ions alone. All results were expressed as 
n. moles Pi liberated/mg protein/min. The phosphate 
values were estimated by comparing the unknowns with 
standard calibration curves produced by the method of 
ATKINSON et a l . (1973) (see Appendix 4(ii) ) . Protein 
values were determined using the method of LOWRY et a l . 
(1951) with Bovine serum albumin ( B . S . A . ) fraction V 
to construct the standard curve (see Appendix 4(iii) ) . 
Estimation of temperature coefficients 
Q^Q values were calculated using the following 
formula 
Q 1 0 = ( 1 0 / T R T 0 ) 
K 0 
Where K ^ is the rate at the higher temperature ( T ^ ) and KQ 
is the rate at the lower temperature ( T Q ) . 
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Estimation of Arrhenius activation energy 
1 
-o 
Arrhenius plots of log ir> r . . 
1 3 10 of rate against 
T 
Absolute were plotted. The slopes were determined by 
regression analysis using the method of least squares. 
(SNEDECOR and COCHRAN, 1967) which produced the best 
straight line for the data- Arrhenius activation energy was 
computed from the equation Ea = R x 2.303 x slope K joules 
mole 
Where R = gas constant, 8.314 K j o u l e s / m o l e / ° A . 
Treatment of saturation kinetics data 
The results were represented graphically using 
the LINE WEAVER and BURKE (1934) plot which modifies the 
Michaelis Menton equation, i—^— . was plotted against i — — ( 
• I S | | v | 
(S = substrate concentration, V = reaction velocity). Vmax 
was calculated from • , ^ : on the Y axis and Km = Vmax 
intercept 
x slope. The slopes were calculated using regression analysis. 
R E S U L T S 
1. ATPase Activity 
The results shown in Table 4:1 were obtained using 
microscomal preparations from the Malpighian tubules alone, 
and allowing ATPase activity to be estimated in five different 
reaction media. 
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T A B L E 4;1 
ATPase Activity of Microsomal Preparations of Malpighian 
Tubules 
Composition of reaction Enzyme activity in nmoles 
media Pi liberated/mg. protein/ 
min 
4m M M g 2 + 29.3 (+ 4.9) 
4m M M g 2 + , lOOmM Na + a) 31.7 b) 25.9 
4mM M g 2 + , 20mM K + a) 46.1 b) 31.8 
4mM M g 2 + , 100mM Na + , 20mM K + 229.8 (+ 27.3) 
4mM M g 2 + , lOOmM Na + , 20mM K + , 
ImM ouabain 24.5 (+ 5.9) 
Activity in the presence of Mg , 
Na + , K + minus activity in the 205.3 (+ 27.2) 
2+ + + presence of Mg , Na , K and 
ImM ouabain 
. . . 2+ Activity in the presence of Mg , 
Na + , K + minus activity in the 200.5 (+ 26.6) 
2+ 
presence of Mg alone 
ATPase activity is expressed as the mean of five separate 
determinations (+ S . E . of the mean). The exceptions (a) and 
(b) above) refer to the individual data obtained for each of two 
separate determinations. 
The results clearly show that the Malpighian tubules 
of Locusta migratoria are able to hydrolyse A T P . Two distinct 
2+ 
components of ATPase activity were seen: a Mg ATPase requiring 
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2+ . 2+ Mg only and an enzyme which also required Mg but was 
+ + 
synergistically stimulated by the presence of Na and K ions 
(Na + -K + ATPase ) . There was no stimulation of the N a + - K + 
ATPase enzyme in the presence of Na + alone, and only 
minimal stimulation in the presence of K + alone. Clearly the 
activity in the presence of both ions far exceeded the sum of 
the activity with both ions separately suggesting true synergistic 
stimulation. The activity of the N a + - K + A T P a s e was much 
2+ 
greater than that of the Mg ATPase probably as a result of 
the extraction methods. The N a + - K + A T P a s e value for these 
2+ . n n-1 Mg ATPase experiments is 7.01. 3 
+ + 
The Na - K ATPase activity was shown to be 
completely inhibited by the cardiac glycoside ouabain with the 
activity level in its presence resembling that in the presence 
2+ . 2+ of Mg alone. From this it would appear that the Mg ATPase 
is unaffected by ouabain. 
+ + 
2. The effect of differing ouabain concentrations on Na - K 
ATPase activity 
N a + - K + A T P a s e activity from Malpighian tubules was 
assayed in reaction media containing concentrations of ouabain 
from 0-10" 3M. 
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T A B L E 4:2 
Mean Values from 3 Experiments showing the Effect of Ouabain 
Concentrations on N a + - K + A T P a s e Activity 
Ouabain Concentration Na - K ATPase activity 
n. moles Pi/Mg protein/ 
min 
S . E . 
1 0 " 3 M 1 7 . 5 9 + 6 . 1 8 
10" 4 M 2 3 . 1 9 + 7 . 1 4 
10™ 5 M 5 4 . 7 2 + 1 1 . 0 2 
5 x 1 0 ~ 6 M 7 2 . 9 8 + 1 0 . 4 7 
3 x 1 0 ~ 6 M 7 7 . 4 7 + 7 . 4 9 
10" 7 M 1 4 5 . 4 7 + 1 0 . 1 3 
1 0 " 8 M 2 1 1 . 4 2 + 5 . 2 1 
0 2 3 2 . 7 + 1 3 . 7 
The results (Table 4:2) show that the inhibition of the 
Na - K ATPase increased as the concentration of ouabain increased 
from 10"^ to 10~^M. At ouabain concentrations of 10~^M and 
higher, inhibition was found to be more or less complete. F ig . 
4:1 shows the % of total activity against the negative logarithm 
of the ouabain concentration. The inhibition curve has the typical 
sigmoid shape, and the negative logarithm of the ouabain 
concentration causing 50 % inhibition of the N a + - K + A T P a s e (PI^Q) 
was 6 . 1 . 
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F I G . 4:1 
Dose-response curve of the inhibition of the 
+ + 
Na- K ATPase by ouabain. The vertical lines represent 
~ 2 S . E . of the mean. 
Ordinate: % of the activity obtained in the 
absence of ouabain. 







F I G , 4:2 
+ + 
Phosphate release resulting from Na- K ATPase 
activity at 10°C, 30°C and 40°C. 
Ordinate: Na- K ATPase activity (n. moles P i / 
mg. protein). 
Abscissa: Time in minutes. 
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3. Effect of temperature on the Na - K ATPase activity 
Temperature gradients were set up using a thick 
aluminium bar (1.2 x 0.1 x 0.06M) with a series of water 
filled holes at short intervals along its length which accomodated 
the assay tubes. A crushed ice bath at one end, and a hot water 
bath at the other provided a gradient of temperature from 5°C-
50 C . Pairs of tubes, one containing 4mM mg , 3mMATP, 
and the other 4mM M g 2 + , lOOmM Na + , 20 mM K + and 3mM 
A T P were equilibrated for 10 minutes at each temperature prior 
to the introduction of the microsomal preparation. ATPase 
activity was determined in the normal fashion but the reaction 
was allowed to proceed for different times depending on the 
temperature : 60 minutes at temperatures below 17°C, 45 
minutes from 17°-30°C and 30 minutes above 30°C. Ear l ier 
studies had shown that the reactions were linear over these periods 
at the temperatures indicated (see Fig . 4:2). Temperature 
experiments were carried out using Malpighian tubules alone, 
rectal sacs alone and hindguts plus Malpighian tubules. F ig . 
4:3 shows the results obtained with Malpighian tubules, but they 
are typical of those obtained with rectal sacs, and hindgut plus 
+ + 
tubules as well. Na - K ATPase activity was maximal at ca. 
45°C, whilst Mg 2 + ATPase activity was still rising at 50°C. 
+ + 2 + Arrhenius u plots were drawn for Na - K ATPase and Mg 
ATPase values from all the experiments and activation energies 
calculated. (Appendix 4 (iv) a and b). Typical examples of 
2+ 
Arrhenius \x plots are shown in Figs . 4:4 and 4:5. Both Mg 
+ + 
ATPase and Na - K ATPase produced essentially curvilinear 
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FIG 4:3 
Effect of temperature on Na- K ATPase ( 
2+ and Mg ATPase ( A ) activity. 
Ordinate: ATPase activity (n. moles Pi/mg 
protein/min) 
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F I G . 4:4 
Arrhenius |i plot from Malpighian tubules 
showing Nat K + ATPase ( • ) and Mg2H"ATPase ( o ) 
activity. 
Ordinate: log^Q ATPase activity (n. moles P i / 
mg. protein/min). 
Abscissa: Reciprocal of temperature in 
degrees Absolute x 10 . 
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F I G . 4:5 
+ + 
Arrhenius (.1 plot for Na- K ATPase enzymes 
extracted from Malpighian tubules ( © ), rectal sacs ( © ) 
and hindgut plus Malpighian tubules ( A ). 
+ + • • Ordinate: l o g i n Na - K ATPase activity 10 
(n. moles Pi /mg. protein/min). 
Abscissa: Reciprocal of temperature in 
3 
degrees Absolute x 10 . 









































































































































































Arrhenius plots but 2 straight lines could be constructed through 
the points by regression analysis. For both enzymes a "break 
point" in the lines occurred at about 21°C (mean break point 
for N a + - K + A T P a s e = 21 .9°C + 0.6, and for Mg 2 + ATPase at 
21 .13°C + 1.2). Students' "t" tests on the results showed that 
there was no significant difference in activation energies between 
the ATPase from the 3 tissues examined, (see Table 4:3). This 
being so, mean activation energy values were calculated for the 
-I- + 2+ Na - K ATPase and Mg ATPase using the combined results 
(Table 4:4). 
T A B L E 4:4 
Mean activation energies of whole hindguts plus Malpighian 
tubules (Activation energy in K joules Moles"^) 
6 .3 -21°C 21°-42°C Number 
N a + - K + A T P a s e 121.6 + 4. 5 59.8 + 2. 7 12 
Mg 2 + ATPase 95.8 > 1. 9 51.7 + 3. 9 9 
Students' "t" tests showed that the activation energy 
2+ + of the Mg ATPase was significantly lower than that of the Na -
K + A T P a s e enzyme in the lower temperature range, but it was 
not significantly different at the higher temperatures. The 
activation energies for each enzyme observed between 6 .3 -21°C 
and 2 1 ° - 4 2 ° w e r e significantly different for both enzymes. 
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Q^Q values were also calculated f r o m 1 0 ° C - 2 0 ° C and 
f rom 2 1 ° C - 3 1 ° C . The values fo r both the Na^ K + ATPase 
2+ 
and the Mg ATPase f r o m the Malpighian tubules, rectal 
sac and whole hindgut plus Malpighian tubules did not 
d i f f e r significantly f r o m one tissue to another. 
Consequently i t was fe l t that the values could legi t imitely 
be pooled, and mean Q-^Q values determined fo r each 
enzyme. (Table 4:5) 
TABLE 4:5 
Mean Q i n values fo r whole hindguts plus Malpighian tubules 
N a + - K + ATPase 
10-20°C 21-31°C n 
4.22 + 0.21 2.20 + 0 .1 11 
Mg 2 + ATPase 3.35 i 0.31 2.03 ± 0.16 10 
Application of students " t " tests showed 
that fo r both enzymes, the Q^Qvalues were significantly 
different over the two temperature ranges. The of the 
2+ 
Mg ATPase was significantly lower than that of the 
Na^ K + ATPase over the lower temperature range (P '<.0.05) 
but no significant difference was observed at the higher 
range. 
A l l subsequent ATPase experiments 
were carr ied out using combined Malpighian tubule and 
hindgut preparations. Thus ensuring more enzyme 
activity without needing to use very large numbers of 
insects. 
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4. The effect of pH on Na t K + ATPase activity 
A 25mM Bis T r i s Propane buffer system 
was used to produce an uninterrupted stable pH range 
between 5 and 10. Reaction media containing the 
appropiate ions dissolved in Bis T r i s Propane and mixed 
with T r i s ATP (Final strength 3mM) were adjusted to the 
required pH using concentrated HC1. The buffered media 
were then stored at - 2 0 ° C until required. The need fo r ATP 
to be mixed with buffer p r io r to pH adjustment was 
realised when later additions were shown to alter the pH 
by as much as 1 unit, at the extremes of the range. 2mls 
of reaction media were used fo r each assay and the reaction 
started by the addition of 200|k*ls of homogenate. Pairs of 
+ + 
tubes were set up at each pH and Na - K ATPase activity 
was determined f rom the difference between tubes 
containing N a + , K + and M g ^ + , and those containing Na + , 
+ 2+ 
K , Mg and I m M ouabain. It was found to be essential 
+ + 
to use this means of assessing the Na- K ATPase activity 
2+ 
due to the fact that in the presence of Mg ions alone, 
and part icularly at pH values above 8, there was a 
considerable non-enzymatic hydrolysis of A T P . Since 
+ + 2+ this was not seen in the presence of Na , K and Mg 
+ + 
one must presume that in the presence of Na and K , 
the strong positive charges on these cations attract OH~ 
ions in solution, and so reduce the hydrolysis of the 
terminal phosphate bonds. F i g . 4:6 shows the release of 
Pi due to the non-enzymatic hydrolysis of ATP in control 
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FIG 4:6 
Effect of pH on non-enzymatic hydrolysis of ATP 
2+ 
in control experiments using ionic media containing Mg only 
( • ) , and M g 2 + , K + , N a + ( • ) . 
Ordinate; Non-enzymatic ATP hydrolysis 




Effect of pH on N a - K ATPase act iv i ty . 
Ordinate: N a - K + ATPase activity 












tubules at various pH's in the presence of Mg alone 
+ + 
and when Na and K are also present. This problem was 
2+ + 4-
overcome by the use of tubes containing Mg , Na , K and 
ouabain to produce the ATPase level when the Na t K + ATPase 
was inhibited. Results using this method (Fig . 4:7) showed 
+ + 
that the Na - K ATPase shows maximum activity at 
approxiarntely pH 7.5, with a f a i r l y sharp peak. 
2+ • + + 5. The effect of Mg concentration on Na - K ATPase 
activity 
Assays for" Mg 2 + ATPase and Na t K + ATPas 
enzyme activity were carr ied out in reaction media with the 
2+ 
Mg concentration ranging f r o m 0-JOmM. The 
concentrations of ATP, Na + and K ' were as described in 
Materials and Methods (section i i ) . Enzyme activity was 
determined at 20°C, 30°C and 40°C fo r each preparation. 
In these and the subsequent experiments the reaction times 
were as follows; 10°C-60minu tes , 20°C-40 minutes and 
30°C and 40°C-30 minutes. F i g . 4:8(a) shows that the 
activity of the Na t K + ATPase enzyme was dependent on the 
2+ 2+ Mg level . In the absence of Mg there was no act ivi ty . A 
2+ 
steady increase in activity was observed with increasing Mg 
2+ 
concentration up to 4mM Mg above which the activity 
declined indicating an inhibitory effect of high concentrations 
2+ + + of Mg on Na- K ATPase act ivi ty . This result was 
observed at al l 3 temperatures. F ig . 4:8b shows the effect 
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FIG. 4:8 
Effect of Mg concentration on the N a - K 
2+ 
ATPase act ivi ty, and the Mg ATPase activity f r o m the 
same preparation at 20°C ( © ), 30°C ( A ), 40°C ( • ) 
A= Na t K + ATPase 
B= Mg 2 + ATPase 
Ordinate: ATPase activity (n. moles P i / m g . 
prote in/min) . 
2+ 
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2+ • • 2+ of varying Mg concentrations on the activity of the Mg 
ATPase. The activity of this enzyme seemed to be relat ively 
2+ 
unaffected by the concentration of Mg once i t exceeded 2mM. 
However, the activity generally was low (see also Appendix 4 
(v) a and b). 
+ + + 6. The effect of K concentrations on Na - K ATPase activity 
+ + 
Na - K ATPase activity was assayed in reaction 
+ 2+ . + media containing lOOmM Na and 4mM Mg , but with K 
concentrations ranging between 0-50mM. Experiments were 
carried out at 10°C, 20°C, 30°C and 4 0 ° C . The results are 
shown in F ig , 4:9. At al l temperatures K 1 concentrations below 
lOmM clearly inhibited Na + -K + ATPase act ivi ty . Greatest 
activity occurred at 20mM K + at al l temperatures, although the 
peak was much more marked at the higher temperatures. Not 
surprisingly at 10°C activity was very low, and consequently 
the exact maximum was d i f f i cu l t to identify being reached at both 
10m M and 20m M K + . 
+ + . + 7. The effect of altering Na and K concentrations on Na 
-K + ATPase activity 
ATPase assays were carried out in media of constant 
2+ + + Mg and ATP concentrations but with varying Na and K 
composition. Five different N a + concentrations were 
used, 150mM, lOOmM, 50rnM, 25mM and lOmM. From each 
of these 6 solutions containing the following concentrations 
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FIG. 4:9 
Effect of concentration on the activity of 
+ + + the Na- K ATPase in a medium containing lOOmM Na , at 
10°C ( A ) , 20°C ( o ), 30°C (x), 40°C ( o ) . 
Ordinate: Nat K + ATPase activity 
(n. moles P i / m g . protein/min), 
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were prepared: 50mM, 30mM, 20mM, lOmM, 6mM and 2mM. 
Enzyme assays were carr ied out comparing the values in these 
solutions with those obtained with solutions containing Mg 
alone. The experiments were carried out at 10°C, 20°C, 
30°C and 40°C. F rom the results in F ig . 4:10 ( a ,b , c ,d ) i t can 
+ + + 
be seen that over a range of Na concentrations the N a - K A T P -
ase activity was clearl y dependent on the K + levels in the medium. 
There was l i t t le activity at very low K concentrations, but i t 
increased direct ly with increase in K + up to a certain level 
beyond which i t declined. The amounts of K + necessary to give 
maximal stimulation varied depending on the strength of the N a + . 
For example at 10mM N a + peak was observed between 2 and 6mM 
K , but at 150mM Na the peak was between 20-30mM K . The 
overall maximum activity recorded fo r a l l temperatures was at 
lOOmM Na + : 20mM K + . The Na +:K H" ratio being 5:1 (see also 
Appendix 4 (vi) ( a ,b , c ,d ) . 
8. Kinetic constants relating to ATP concentration 
Enzyme assays were carried out in media i n 
which the ATP concentration varied f r o m 3mM to O . l m M . Assays 
were performed at 20°C, 30°C and 40°C using the same homo-
genate. It was essential to establish in i t i a l ly that the breakdown 
of ATP by the ATPase action was not too great at any temperature 
or concentration making the availability of ATP to the enzyme a 
rate l imi t ing fac tor . A pre l iminary run was carr ied out before 
each experiment using 0. I m M ATP at 40°C as this is the 
7 2 
FIG. 4:10 
The effect of Na and K concentrations on 
Na t K + ATPase act ivi ty . 
N a + concentrations: 10mM ( a ) , 25mM ( A ) , 50mM ( x ) 





+ + • • Ordinate: Na - K ATPase activity 
(n. moles P i / m y . protein/min). 
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condition l ikely to be most affected by excessive ATP 
breakdown. The ATP used by the total ATPase enzyme ( i . e . 
the Mg and the Na - K ATPase components) was estimated 
a typical result is shown in F i g . 4:11. From these 
prel iminary studies an incubation time was chosen to ensure 
that the data was collected within the linear range. In some 
cases i t was necessary to dilute the homogenate to ensure that 
excessive ATP breakdown did not occur. Generally reactions 
were run fo r 10 minutes at 40°C, 15 minutes at 30°C and 20 
minutes at 20°C . LINEWEAVER and BURKE plots of the 
reciprocal activity against reciprocal ATP concentrations were 
drawn using regression analysis and f r o m these the values 
of Km and Vmax were calculated. 
TABLE 4:6 
Km and Vmax values fo r whole hindgut plus Malpighian tubule 
Na + -K + ATPase 
Temp. Km mM olar + 
S .E . 
Vmax (nmoles P i /mg 
protein/min + S . E . ) 
number 
20°C 0.12 + 0.017 113 .6+ 42 3 
30°C 0.18 + 0.006 213 + 53 3 
40°C 0.15 + 0.013 373 + 109 5 
. . . . 
These results showed that Km values varied between 




Phosphate release by Na- K ATPase plus 
Mg 2" hATPase enzyme activity at 40°C using O . l m M ATP 
as a substrate. 
Ordinate: ATPase activity indicated by the 
n . moles Pi released. 
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F I G . 4:12 
+ + 
L i n e w e a v e r - B u r k e plot of N a - K A T P a s e 
a c t i v i t y against A T P concentra t ion at 2 0 ° C ( A ) , 3 0 ° C ( © ) , 
4 0 ° C ( • ) . 
O r d i n a t e : r e c i p r o c a l of Na^- K + A T P a s e ac t i v i ty 
3 
(n . m o l e s P i / m g . p r o t e i n / m i n ) x 10 
A b s c i s s a : r e c i p r o c a l of A T P concentra t ion ( m M ) . 











e n z y m e / s u b s t r a t e a f f in i ty at the 3 t e m p e r a t u r e s . V m a x 
w a s shown to a p p r o x i m a t e l y double with each 1 0 ° C r i s e i n 
t e m p e r a t u r e . ( S e e a l s o Appendix 4(vi i ) ) . 
D i s c u s s i o n 
T h e r e s u l t s c l e a r l y show the p r e s e n c e of a 
2+ + + . • Mg dependent N a - K A T P a s e enzyme i n m i c r o s o m a l 
p r e p a r a t i o n s f r o m the hindgut, r e c t a l s a c and Malp igh ian 
tubules of L o c u s t a m i g r a t o r i a . The A T P a s e f u l f i l s the 
c h a r a c t e r i s t i c s outl ined by S K O U (1965) for an e n z y m e 
a c t i v e l y involved in cat ion t r a n s p o r t a c r o s s c e l l 
m e m b r a n e s . It i s s i tuated on the m e m b r a n e s , and i s 
capable of h y d r o l y s i n g A T P thus convert ing this f o r m of 
potential energy into cat ion m o v e m e n t . It i s inhibited by 
- 7 2+ 
ouabain at concentrat ions g r e a t e r than 10 rnM; Mg ions 
a r e e s s e n t i a l f o r N a l K + A T P a s e ac t iv i ty , and the e n z y m e 
s y n e r g i s t i c a l l y s t imulated by N a + a n d K + i o n s . In the 
+ + 
a b s e n c e of e i ther Na o r K l e s s than 20% of the fu l l 
s t i m u l a t i o n o c c u r s . A s l ight ly g r e a t e r ac t i v i ty w a s 
2+ + . 2+ r e c o r d e d in the p r e s e n c e of Mg and K than with Mg 
and Na . T h i s a g r e e s with r e s u l t s obtained by S C H O N E R 
et a l (1967) us ing ox b r a i n A T P a s e , but B O N T I N G (1966) , 
and R I D D E R S T A P and B O N T I N G (1969) working on r e c t a l 
gland of e l a s m o b r a n c h s and dog p a n c r e a s r e s p e c t i v e l y 
found the opposite with g r e a t e r ac t i v i ty in the p r e s e n c e of 
2+ + 
Mg and Na . T h e r e a s o n for these s l ight i n c r e a s e s i s 
7 7 
u n c e r t a i n but may r e f l e c t the a l t e r n a t i v e cat ions r e m a i n i n g 
in the t i s sue which enable a c e r t a i n amount of N a - K + A T P a s e 
a c t i v i t y to o c c u r ( B O N T I N G 1966) . C h a r a c t e r i s t i c a l l y a 
2+ 
s e c o n d , ouabain i n s e n s i t i v e e n z y m e (Mg A T P a s e ) w a s a l s o 
i d e n t i f i e d . Due to the d e o x y c h o l a t e / s o d i u m iodide e x t r a c t i o n 
method employed the l e v e l s of this e n z y m e w e r e v e r y low 
( l e s s than 20 % of the N a ^ K + A T P a s e l e v e l s ) . T h e ra t io of 
+ + 
- N a - K A T P a s e ac t i v i ty v a r i e d c o n s i d e r a b l y , and although a 
M g 2 + A T P a s e 
va lue of 7 .01 w a s g iven f r o m the i n i t i a l e x p e r i m e n t s with 
Malp igh ian tubules , m e a n r a t i o s taken f r o m the A r r h e n i u s 
| l plots at 3 0 ° C w e r e 3 . 4 7 for the Malpighian tubules 
(n=4) 10 .42 for the whole hindgut plus the Malp igh ian 
tubules (n=6) and 8 . 5 for the r e c t a l s a c s (n=3). T h e s e 
v a l u e s might appear a l i t t le high when c o m p a r e d to that of 
3 . 4 obtained by G R A S S O (1967) for c o c k r o a c h n e r v e c o r d , 
and 3 . 0 4 by J O " R G E N S E N (1969) f o r rabbi t k idney , however 
they a g r e e with the v a l u e s obtained by P E A C O C K (1975) f o r 
J a m a i c a n a Malpighian tubules , and r e c t u m ; a l so f o r 
J L o c u s t a Malpighian tubules , but P E A C O C K ' S v a l u e s f o r 
L o c u s t a r e c t u m a r e c o n s i d e r a b l y h igher ( 5 9 . 7 3 n=3). Due 
2+ 
to the v e r y low l e v e l s of the Mg A T P a s e together with 
2+ 
the fact that the ro le of the Mg A T P a s e i s u n c e r t a i n , the 
2+ 
Mg A T P a s e has not f o r m e d an important par t of this 
s tudy . 
T h e ouabain binding c h a r a c t e r i s t i c s of 
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N a - K A T P a s e f r o m L o c u s t a Malpighian tubules a r e 
s i m i l a r to those observed in t i s s u e s f r o m other s p e c i e s 
( G L Y N N 1964). T h e inhibit ion c u r v e w a s s i g m o i d a l g iv ing a 
pI^Q value of 6 . 1 . It c a n be s e e n f r o m the table below that 
th is c o m p a r e s favourab ly with v a l u e s obtained by other 
w o r k e r s . 
t 
T A B L E 4:7 
pi v a l u e s f r o m a range of s p e c i e s 
R e f e r e n c e E n z y m e S o u r c e 
G R A S S O 1967 C o c k r o a c h N e r v e 6 . 4 
S K O U 1962 M a m m a l i a n Kidney 6 . 0 
K I N S O L V I N G e t a l . , 1963 Guinea P i g Kidney 6 . 7 
W H I T T A M and W H E L L E R , 
1961 
Rabbi t K i d n e y 5 . 7 
R I D D E R S T A P 1969 Dog P a n c r e a s 6 .8 
B O N T I N G 1966 Dogf i sh R e c t u m 
S h a r k R e c t u m 
6 .8 
6 .8 
T h e v a l u e s shown in table 4:7 w e r e a l l m e a s u r e d with ouabain 
binding in the p r e s e n c e of K + i o n s . T h e w o r k of A K E R A 
(1971) and T O B I N and B R O D Y (1972) , d e m o n s t r a t e s that 
ouabain w i l l bind m o r e e f f i c i e n t l y i n the a b s e n c e of K + , and 
with a s h o r t incubation per iod of 10 minute s a s much a s 12 
fold d i f f e r e n c e in pl^g v a l u e c a n o c c u r depending on the 
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p r e s e n c e or absence of K . T h e y suggest that 
d e t e r m i n a t i o n in the p r e s e n c e of K + may give a r t i f i c i a l l y 
high p I 5 Q v a l u e s . A L L E N and S C H W A R T Z (1970) have , 
h o w e v e r , shown that the binding of ouabain in the p r e s e n c e 
+ 
of K i s d i r e c t l y proport iona l to t ime and t e m p e r a t u r e , and 
that the m a x i m u m amount of ouabain to be bound i n the 
+ 
p r e s e n c e or absence of K i s i d e n t i c a l . A s a l l the w o r k e r s 
c i ted gave long incubat ion per iods (20-30 .minutes) at 
t e m p e r a t u r e g r e a t e r than 3 0 ° C it i s un l ike ly that the 
r e s u l t s would be s e v e r e l y af fected by K + compet ing for 
ouabain binding s i t e s . However even if K + d i d af fect the 
pI^Q v a l u e s s l ight ly a l l the r e s u l t s quoted a r e d i r e c t l y 
c o m p a r a b l e . N 
2+ 
T h e Mg r e q u i r e m e n t s for the locus t 
+ + 
N a - K A T P a s e a r e e s s e n t i a l l y the s a m e a s for other 
+ + 
N a - K A T P a s e s y s t e m s . No ac t iv i ty o c c u r s in i t s absence 
and a peak i s r e a c h e d at 4 m M , beyond w h i c h inhib i t ion 
o c c u r s . A s 3 m M A T P was used peak ac t iv i ty was 
2+ 
o b s e r v e d at an A T P / M g ra t io of 1 :1 .3 . C o m p a r i s o n 
with other w o r k e r s i s d i f f i cu l t a s there i s a d i r e c t 
2+ 
c o r r e l a t i o n between the Mg concentrat ion y ie ld ing 
m a x i m u m act iv i ty and the A T P concentrat ion . ( S C H O N E R et 
2+ 
1967) ind icat ing the f o r m a t i o n of an A T P / M g c o m p l e x . 
H o w e v e r other w o r k e r s us ing 3 m M A T P have produced 
s i m i l a r r e s u l t s : G R A S S O (1967) using c o c k r o a c h n e r v e 
2+ 2+ 
found m a x i m a l ac t iv i ty between 4 -5 m M Mg ( A T P / M g 
1:1.5) S K O U (1957) with c r a b nerve found a 1:1 m a x i m u m a s 
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did S C H O N E R et a l . ( l967) for ox b r a i n . S K O U (1962) us ing 
kidney produced a 1:2. W o r k e r s us ing d i f f erent A T P 
concentra t ions a l s o g e n e r a l l y obtained m a x i m a between 
1:1 and 1:2 ( P E A C O C K et a l I97fe, B A K E R R E N and 
B O N T I N G 1968, and R I D D E R S T A P and B O N T I N G 1969) . 
+ + 
C l e a r l y both Na and K w e r e e s s e n t i a l 
f or s t i m u l a t i o n of the locus t N a ^ K + A T P a s e with 
+ + 
m a x i m u m act iv i ty o c c u r i n g at lOOmM Na and 2 0 m M K 
i r r e s p e c t i v e of t e m p e r a t u r e . T h i s i s ident i ca l with the 
r e q u i r e m e n t s for c o c k r o a c h n e r v e ( G R A S S O , 1967) and 
f o r hindgut and Malpighian tubule A T P a s e s f r o m 
L o c u s t a m i g r a t o r i a , and the t e t t igon i id ,Homorocoryphus 
n i t idulus v i c f n u s ( P E A C O C K 1975; P E A C O C K et al , 1976), 
A K E R A et a l . (1969) a l so found a s i m i l a r peak at 100mM 
+ + Na , 1 5 - 2 5 m M K for hear t A T P a s e s f r o m s e v e r a l 
m a m m a l i a n s p e c i e s . S l i g h t v a r i a t i o n s have been 
o b s e r v e d by other w o r k e r s , but the r e s u l t s have u s u a l l y 
been i n the s a m e range e g . C H A R N O C K and P O S T (1963b) 
8 0 m M N a + : 2 0 m M K + (4:1) and R A T A N A B A N K O O N et al . 
(1973) 120mM N a + : 2 0 m M K + (6:1) . 
+ + 
Most r e c o r d e d N a - K A T P a s e e n z y m e s 
show m a x i m u m activity between pH' 7 and 8, and L o c u s t a 
hindgut and Malpighian tubule t i s sue i s no except ion with 
a value of a p p r o x i m a t e l y 7 . 5 . T h i s c l o s e l y r e s e m b l e s 
the 7 . 6 r e c o r d e d for c o c k r o a c h nerve ( G R A S S O , 1967) 
and the 7 . 2 5 - 7 . 5 for H o m o r o c o r y p h u s hindgut and tubules 
( P E A C O C K et a l . , 1976). 
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T h e study of the af f in i ty of the N a t K + A T P a s e 
f o r A T P i s complex a s it i s l i k e l y that the true s u b s t r a t e 
2+ 
i s an A T P / M g c o m p l e x . S o m e w o r k e r s , inc luding 
2+ 
the p r e s e n t s tudy, have held the Mg l e v e l s constant 
and only a l t e r e d A T P c o n c e n t r a t i o n . F r o m this 
group a range of K m v a l u e s have been repor ted ranging 
f r o m O . l m M r e c o r d e d by N E U F I E L D and L E V Y (1969) 
us ing ca l f b r a i n to the 0 . 4 m M of M O A K E et a l . , (1970) 
us ing human p l a t e l e t s . The o v e r a l l m e a n value f o r 
L o c u s t a hindgut and Malpighian tubules w a s 0 . 1 5 - O . O l m M 
( n = l l ) with no s i g n i f i c a n t d i f f e r e n c e between 2 0 ° and 3 0 ° 
and 4 0 ° C . T h i s a g r e e s w e l l with the 0 . 1 4 m M reported 
by P E A C O C K et a l . , (1976) for H o m o r o c o r y p h u s hindgut and 
Malp igh ian tubules . A c e r t a i n amount of caut ion m u s t , 
h o w e v e r , be e x c e r i s e d when c o m p a r i n g r e s u l t s . S o m e 
2+ 
w o r k e r s have a l t e r e d the Mg concentra t ion a s we l l a s 
the A T P keeping a 1:1 r a t i o , and they obtained much h igher 
v a l u e s , e . g . W H I T T A M and W H E E L E R (1961) obtained a 
K m of 0 . 8 m M f o r rabbi t kidney us ing th i s method, and 
s i m i l a r l y W A L D et a l . , (1974) produced K m v a l u e s of 
1 . 3 4 m M , 1 . 2 1 m M and 0 . 5 5 m M f o r kidney c o r t e x , medu l la 
and p a p i l l a r e s p e c t i v e l y . It has a l s o been shown that e n z y m e 
pur i ty c a n g r e a t l y e f fec t the K m v a l u e s ( K L I N E et a l . , 1971) 
a s c a n the r e l a t i v e concentra t ions of Na and K 
( R O B I N S O N , 1967) . It i s c l e a r , though, that the a f f in i ty of 
8 2 
the Na - K A T P a s e for A T P i s v e r y high when c o m p a r e d to other 
e n z y m e / s u b s t r a t e c o m p l e x e s . In L o c u s t a m i g r a t o r i a for e x a m p l e 
the af f in i ty of gut e n z y m e s s u c h a s a D - g l u c o s i d a s e and a D -
g a l a c t o s i d a s e for the ir s u b s t r a t e s has been shown to be at l e a s t 
ten t i m e s l o w e r ( C H A R N L E Y , 1976). 
The A r r h e n i u s |i c u r v e s for locus t N a + - K ^ A T P a s e 
with the ir c h a r a c t e r i s t i c b r e a k at 2 1 ° C , c l o s e l y r e s e m b l e s those 
repor ted by other w o r k e r s us ing t i s sue f r o m h o m e o t h e r m s e . g . 
rabbit kidney ( C H A R N O C K e t a l . , 1971), l amb kidney ( G R I S H A M 
and B A R N E T T , 1973) and ra t b r a i n ( B O W L E R and D U N C A N , 
1968b). T h e c u r v e s obtained by B O W L E R and D U N C A N (1968a) 
for the f rog w e r e v e r y d i f f erent with a b r e a k at 1 6 ° C . T h e 
A r r h e n i u s \.i v a l u e s for L o c u s t a hindgut and Malpighian tubules 
of 5 9 . 8 + 2 . 7 above 2 1 ° C and 121 .6 + 4 . 5 below 2 1 ° C a r e 
c o m p a r e d with these obtained by other w o r k e r s in table 4 . 8 . 
T h e r e i s a c l o s e s i m i l a r i t y between L o c u s t a hindgut 
and Malp igh ian tubules and m a m m a l i a n kidney e s p e c i a l l y at 
t e m p e r a t u r e s above 2 0 ° C where they would both n o r m a l l y 
2+ 
be f u n c t i o n a l . T h e A r r h e n i u s | i plots for the Mg A T P a s e 
w e r e not a s c u r v i n l i e a r although a b r e a k s t i l l o c c u r r e d 
around 2 1 ° C . T h e ac t ivat ion e n e r g i e s w e r e l o w e r 
e s p e c i a l l y at t e m p e r a t u r e s below 2 0 ° C suggest ing the 
M g ^ + A T P a s e i s l e s s t e m p e r a t u r e s e n s i t i v e than the 
Na - K A T P a s e . A s i m i l a r r e s u l t was r e c o r d e d by B O W L E R 
and D U N C A N (1968b) f r o m r a t b r a i n . It has been shown 
that m e m b r a n e l i p i d s a r e e s s e n t i a l f or A T P a s e ac t i v i ty 
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i t i s g e n e r a l l y be l ieved that A T P a s e t e m p e r a t u r e 
s e n s i t i v i t y i s re la ted to l i p i d s , the b r e a k in the A r r h e n i u s 
|i plots being due to l ip id phase t rans i t i on ( G R I S H A M and 
B A R N E T T , 1973). T A N A K A and T E R U Y A (1973) have 
f u r t h e r shown that the l ip ids a r e so l e ly repons ib le for the 
t emperature , c h a r a c t e r i s t i c s and not the a n i m a l s o u r c e of the 
A T P a s e e n z y m e . T h e l i p i d s mus t be f luid to function 
p r o p e r l y ( G R I S H A M and B A R N E T T , 1973), and so it i s 
probable that at the t r a n s i t i o n point the l ip ids en ter a m o r e 
f lu id phase enabling the A T P a s e to funct ion with a m u c h 
l o w e r ac t iva t ion e n e r g y . It would appear l i k e l y , t h e r e f o r e , 
that the l ip id phase t r a n s i t i o n t e m p e r a t u r e of the locus t 
A T P a s e i s s i m i l a r to that of the v e r t e b r a t e kidney t i s s u e . 
T h i s i s p r e s u m a b l y r e l a t e d to the fact that they a r e adapted 
to work at m a x i m u m e f f i c i e n c y over a s i m i l a r 
t e m p e r a t u r e range c a r r y i n g out e s s e n t i a l l y the s a m e funct ion . 
+ + 2+ A N a - K s t i m u l a t e d Mg dependent 
A T P a s e e n z y m e h a s , t h e r e f o r e , been ident i f ied in the 
hindgut and Malpighian tubules of L o c u s t a m i g r a t o r i a , and 
i t s c h a r a c t e r i s t i c s r e s e m b l e those of o ther N a t K + A T P a s e 
p r e p a r a t i o n s . In subsequent c h a p t e r s the ro le of the 
N a - K A T P a s e e n z y m e in the contro l of cat ion and w a t e r 
movement in locus t Malp igh ian tubules w i l l be i n v e s t i g a t e d . 
I t ' s invo lvement in these p r o c e s s e s s e e m s e x t r e m e l y 
+ + 
l i k e l y in view of the known r o l e of N a - K A T P a s e s in a 
w i d e v a r i e t y of t i s s u e s involved in ion and w a t e r t r a n s p o r t : 
I 
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kidney ( E P S T E I N and S I L V A , 1974; N E C H A Y , 1974) 
s a l i v a r y gland ( A U G U S T U S , 1976) toad b ladder ( C R A B B E 
et al , 1974) a d r e n a l g lands ( B L A I N E et a l , 1975) and 
intes t ine ( C S A K Y , 1961). 
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C H A P T E R 5 
+ + 
Rela t ionsh ip between Na - K A T P a s e ac t iv i ty and R e s p i r a t o r y 
Rate in the Malpighian T u b u l e s of L o c u s t a M i g r a t o r i a 
Introduct ion 
It i s now g e n e r a l l y recogn i sed that f lu id t r a n s p o r t 
a c r o s s a v a r i e t y of ep i the l ia r e s u l t s f r o m the ac t ive pumping 
of cat ions (genera l ly N a + and K + ) against a concentra t ion 
gradient ( r e v i e w s W H I T T A M and W H E E L E R , 1.970; U S S I N G 
and T H O R N , 1972). W a t e r f lows p a s s i v e l y a s a r e s u l t of the 
o s m o t i c i m b a l a n c e produced by this p r o c e s s . E a r l y s tud ies 
with kidney t i s sue ( M U D G E , 1951a and b; W H I T T A M and D A V I E S , 
1953) showed that energy f r o m r e s p i r a t i o n w a s e s s e n t i a l f o r the 
maintenance of act ive N a ' and K + t r a n s p o r t . T h e m a i n ev idence 
f o r this was the fac t that ac t ive t r a n s p o r t was d e c r e a s e d if 
r e s p i r a t i o n was inhibited with s u b s t a n c e s s u c h a s c y a n i d e . 
T h e s e e a r l y w o r k s , h o w e v e r , did not r e v e a l what f r a c t i o n of 
the total energy produced by r e s p i r a t i o n was expended on ion 
m o v e m e n t , or whether the l a t t e r in turn in f luenced the ra te of 
r e s p i r a t i o n . T h i s i n f o r m a t i o n was provided by a s e r i e s of 
s tud ies on kidney c o r t e x ( W H I T T A M and W I L L I S , 1962; 1963) 
which showed that a 35-40% drop i n oxygen consumpt ion 
o c c u r r e d if ac t ive t r a n s p o r t w a s inhibited by ouabain or by the 
absence of N a + . T h u s it w a s concluded that ac t ive t r a n s p o r t 
a p p e a r s to regulate par t of the r e s p i r a t i o n of the kidney c o r t e x . 
S i m i l a r c o n c l u s i o n s have been r e a c h e d us ing b r a i n t i s s u e 
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( W H I T T A M , 1961: Y O S H I D A et a l . , 1962; S W A N S O N and 
M c I L W A I N , 1965; S E D L A C E K , 1972), hear t ( W H I T T A M , 1962) 
and ra t d i a p h r a g m ( C Z A C Z E S et a l . , 1969) . A s the e n z y m e 
r e s p o n s i b l e for ac t ive cat ion t r a n s p o r t in most a n i m a l c e l l s 
has been shown to be the Na - K A T P a s e e n z y m e ( S K O U , 1965; 
1969) i t fo l lows that the ac t iv i ty of th i s e n z y m e would regulate 
par t of the r e s p i r a t i o n ra te (and thus oxygen consumpt ion) i n 
t i s s u e s w h e r e it i s a c t i v e . 
Oxygen consumpt ion by l i v ing t i s s u e i s 
d i r e c t l y proport iona l to the ra te of oxidative phosphory la t ion 
i n the m i t o c h o n d r i a . T h e ra te of oxidative phosphorylat ion (and 
thus the ra te of A T P product ion) i s , i n t u r n , p r i m a r i l y 
d e t e r m i n e d by the r e l a t i v e concentrat ions of A D P r A T P i n the 
c y t o p l a s m . ( L E H N I N G E R , 1972) . When the supply of 
r e s p i r a t o r y s u b s t r a t e i s a m p l e , the m a x i m a l ra te of oxygen 
consumpt ion o c c u r s when the A D P and phosphate c o n c e n t r a t i o n 
i n the m e d i u m a r e h igh , and the concentrat ion of A T P l o w . On 
the other hand when the concentrat ion of A T P i s high and that 
of A D P and phosphate i s e s s e n t i a l l y z e r o , m i t o c h o n d r i a show 
only a v e r y low r e s p i r a t o r y r a t e . Of the three components , the 
A D P concentra t ion i s the most c r i t i c a l in sett ing the 
r e s p i r a t o r y ra te b e c a u s e of the high af f in i ty of the m i t o c h o n d r i a 
f o r A D P . It would fo l low, t h e r e f o r e , that in t i s s u e w h e r e 
a c t i v e t r a n s p o r t by the N a - K A T P a s e i s an impor tant 
p r o c e s s , the a c t i v i t y of the Na - K A T P a s e would c l e a r l y 
e f fec t oxidat ive phosphory la t ion . T h e N a - K A T P a s e e n z y m e 
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cont inual ly s p l i t s A T P a s it funct ions to provide the energy 
f o r ac t ive cat ion t r a n s p o r t . T h i s produces A D P and phosphate 
which a c c u m u l a t e s and in t u r n , s t i m u l a t e s oxidat ive phos-
phory la t ion by the m i t o c h o n d r i a to regenera te A T P . I n c r e a s e d 
ox idat ive phosphorylat ion n e c e s s i t a t e s g r e a t e r oxygen uptake by 
+ + 
the t i s s u e . T h u s Na - K A T P a s e a c t i v i t y i s l inked to oxygen 
consumpt ion by a s e r i e s of feedback m e c h a n i s m s that a r e i n 
d i r e c t r e l a t i o n with the ra t io of A D P : A T P ( B L O N D and 
W H I T T A M , 1964). 
P r e c i s e d e t e r m i n a t i o n s indicat ing the amount of 
oxygen consumed for e a c h sod ium ion moved have been 
c a r r i e d out by a few w o r k e r s . Z E R H A N (1956) us ing frog 
s k i n found that 16-20 e q u i v s . Na *~ were^ t r a n s p o r t e d p e r mole 
O^' S i m i l a r r e s u l t s w e r e obtained by L E A F and R E N S H A W 
(1957a and b ) . L A S S E N and T H A Y S E N (1961) and L A S S E N 
et a l . , (1961) us ing kidney cor tex quote f i g u r e s of 25 and 28 
e q u i v s . N a V m o l e 0 2 > A l l the se w o r k e r s conclude that a 
subs tant ia l proport ion of the total oxygen consumed i s 
u t i l i s e d for the p r o c e s s e s under ly ing ac t ive N a + t r a n s p o r t . 
In s o m e c a s e s , h o w e v e r , the r e l a t i o n s h i p between 
N a - K A T P a s e a c t i v i t y and oxygen consumpt ion i s not a s 
c l e a r l y def ined and c e r t a i n a n o m o l i e s have e m e r g e d i n 
the l i t e r a t u r e . N I S S E N et a l . , (1966) w e r e able to 
d e m o n s t r a t e that with r a t d i a p h r a m i n c r e a s e d r e s p i r a t i o n 
r e s u l t e d f r o m i n c r e a s i n g the Na *" l e v e l s and consequent ly the 
a c t i v e t r a n s p o r t . S I L V A et a l . , (1976) w e r e , h o w e v e r , unable 
to a l w a y s show p a r a l l e l i n c r e a s e s of oxygen consumpt ion 
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resulting f r o m increased Na - K ATPase activity using rat 
kidney. The method of stimulation of the enzyme appeared to 
effect the result , but the reason for this is uncertain. Although 
ouabain clearly inhibited respiration in kidney cortex (WHITTAM 
and W I L L I S , 1962; 1963) i t was shown to increase oxygen 
consumption in brain tissue in the presence of calcium ions 
(WHITTAM et a l . , 1965; SWANSON and U L L I S , 1966). In 
the absence of calcium, however, ouabain inhibited respiration 
in brain (SWANSON and U L L I S , 1966). No satisfactory 
explanation has been produced to explain this effect of calcium. 
As a Na^-K + ATPase enzyme has been demonstrated 
in the Malpighian tubules of Locusta migrator ia by biochemical 
means (see Chapter 4), i t was of interest to discover to what 
extent this enzyme influenced the respiration of the tubules. The 
following study was carr ied out to establish the extent to which 
+ + 
the activity of the Na - K ATPase enzyme in Locusta migrator ia 
Malpighian tubules is related to the oxygen consumption, and 
to measure the proportion of the total energy produced by 
respiration which is expended on cation movement. 
Materials and Methods 
Oxygen consumption was measured by means of a 
palarographic electrode (Yellow Springs Instrument Co. Inc. , 
Ohio, USA, Model 53). This is a design based on the Clark 
oxygen electrode (CLARK, 1956). The principle of the oxygen 
electrode has been described by DAVIES and BRINK (1942). In 
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this model the electrodes ( a 0.025 11 diameter platinum 
cathode and a s i lver anode) are situated at the tips of the probes 
cased in an epoxy block. KC1 solution is placed on the 
electrodes, and is tightly covered with a thin teflon membrane 
held in position with a rubber "O" r i ng . Before each 
experiment the membrane was examined with a xlO lens fo r 
physical damage and a probe test, was carried out according to 
the method outlined in the handbook to ensure the probe and 
membrane were working correc t ly . 
The apparatus included a constant temperature 
bath surrounding 4 incubation chambers and the temperature 
stabil i ty within these chambers was - 0 . 0 2 ° C . A l l experiments 
were run at 30°C. The amount of oxygen in the Ringer solution 
in the incubation chamber was monitored on a Servoscribe pen 
recorder (Goerz Electro) which was calibrated to give 
maximum deflection fo r 100% air saturation at the beginning of 
each experiment. The Ringer in the chamber was s t i r red 
continuously during the recordings using a small magnetic 
s t i r r e r ( Y . S . I . ) (F ig . 5:1). 
Experimental results were expressed as |.i 
moles C>2 consumed per hour. (For the method of calculation 
see Appendix 5: (i) ) . 
Sexually mature Locusta migratoria of both 
sexes were used. Animals were ki l led by decapitation and the 
Malpighian tubules quickly dissected out under ice-cold Ringer 
91 
FIG. 5:1 
Diagram of a Y . S . I , oxygen electrode sample 
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solution. They were then subjected to one of two different 
experimental procedures. 
a) The tubules were placed in an incubation chamber containing 
3mls of air-saturated Ringer solution at 30°C, and were allowed 
to equilibrate fo r 10 minutes before the rate of oxygen uptake 
was determined polarographically as described above. The 
tubules were then removed f r o m the chamber, rinsed in ice 
cold f ree Ringer, and lef t to soak in f resh ice cold K+ f ree 
Ringer fo r 60 minutes. This was to deplete the tissue of K + ions. 
At the end of this time the tubules were once more placed in an 
incubation chamber which contained 3mls of air-saturated K + 
free Ringer at 30°C. Following a 10 minute incubation period 
the rate of oxygen consumption was determined. The tubules 
were then removed f r o m the incubation chamber, once again 
soaked in "normal" ice cold Ringer fo r a fur ther 60 minutes and 
their oxygen consumption subsequently redetermined. A series 
of control experiments were carr ied out where the procedure 
was as described above except that "normal" Ringer was used 
throughout. 
b) The tubules were placed i n incubation chambers containing 
3mls of "normal" Ringer and allowed to equilibrate fo r 10 
minutes at 30°C before the in i t i a l reading was taken. One ml 
of Ringer solution was then removed using an Oxford Macroset 
sampler pipette ( l - 5 m l s ) . This was replaced with 1ml 
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of "normal" Ringer solution containing 3mM ouabain. The 
solution was s t i r red making a f inal concentration of I m M . 
ouabain in the chamber, The tubules were lef t in the 
incubation chamber^and the rate of oxygen consumption 
measured after 30 minutes. Control tubules were treated 
in exactly the same manner except that ouabain was omitted 
f rom the replacement Ringer. 
The composition of the K + f ree Ringer solution used 
was as folows : NaCl 137.6mM, M g C l 2 8 .5mM, C a C l ^ . O m M , 
NaHC0 3 10.2mM, N a H 2 P 0 4 4 . 3 m M , Glucose 34mM. pH 7.2. 
The composition of the "normal" Ringer is described in the 
general Materials and Methods (Chapter 2). 
Results 
1) The effect of K + on oxygen consumption by the Malpighian 
Tubules 
Soaking the Malpighian tubules in K + f ree Ringer 
fo r 60 minutes effected a significant decrease in the rate of 
oxygen consumption when compared to the original rate in 
"norma 1" Ringer (P<0.001) (F ig . 5:2). In the control tubules 
no comparable decrease was observed and rate 2 was not 
significantly different f r o m rate 1 (Table 5:1, F i g . 5:3). 
When the tubules f r o m the K+ f ree Ringer were resoaked in 
"normal" Ringer fo r a fur ther hour the rate of oxygen consumption 
by the tubules showed a slight recovery. It is d i f f i c u l t , however, 
to determine accurately the extent of the "recovery" as a decrease 
94 
FIG. 5:2 
Typical example of the effect of the absence of 
K + on the rate of oxygen consumption by Malpighian tubules. 
Rate 1 ( ® ) Immediately after dissection. 
Rate 2 ( a ) Af te r 1 hour in K + f r e e Ringer solution at 0 ° C . 
Rate 3 ( a ) After a fur ther hour in 'normal ' Ringer solution 
at 0 ° C . 
Ordinate: rate of oxygen consumption (.i moles 
G^/hour. 
Abscissa: time in seconds. 
FIG. 5:3 
Typical example of the rate of oxygen consumption 
in control experiments where the tubules were soaked in 'normal ' 
Ringer solution. 
Rate 1 ( 9 ) Immediately af ter dissection. 
Rate 2 ( A ) Af te r 1 hour in 'normal Ringer at 0 ° C . 
Rate 3( 0 ) Af t e r a fur ther hour in 'normal ' Ringer solution 
at 0 ° C . 
Ordinate: rate of oxygen consumption 
(i moles 02/hour . 
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in the rate of oxygen consumption was also recorded in . t n e control 
tubules after 2 hours (Table 5: 1); presumably the result of an 
ageing effect. Comparison with the control values suggest that 
the recovery was more or less complete; this is especially 
clear when considering the rate of oxygen consumption as a °/o 
of the original rate (Table 5:2). 
TABLE 5:1 









( K + f ree) 
3.04 + 0.22 1.94 + 0.14 2.14 + 0.21 18 
Control 3.6 + 0.25 3.10 + 0.12 2.7 + 0.23 17 
T A B L E 5 : 2 
Rates of oxygen consumption expressed as % of the original rates 
Rate 2 as % of Rate 1 Rate 3 as % of Rate 1 
Experimental 
( K + f ree) 
62.63 + 2.5 75.56 + 6.3 
Control 91.79 + 5.8 76.74 + 7 . 5 
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From Table 5:2 i t can be'seen that in the absence of K ions 
there is an approximately 30% decrease in oxygen consumption. 
2) The effect of ouabain on oxygen consumption by Malpighian 
Tubules 
An ini t ia l series of experiments were carr ied out in 
which the rate of oxygen consumption by the Malpighian tubules 
was measured at 10 minute intervals after the addition of I m M 
ouabain. Respiration rates were followed in this manner fo r 
90 minutes. A series of control experiments were also 
carr ied out omitting the ouabain. The results on Table 5:3 
show typical examples of control and ouabain treated values fo r 
the rate of oxygen consumption. (Further results Appendix 5( i i ) ) . 
These are expressed as a % of the original rate in F i g . 5:4. 
TABLE 5 : 3 
Rate of oxygen consumption u moles 0,-,/hr 
Time in 
Mi nutes 
I m M Ouabain 
treated Control 
0 12.2 10.8 
10 7.76 10.3 
. 20 8.08 10.1 
30 8.03 9.6 
40 8.0 9.0 
50 7.68 7.0 
60 7.32 8.5 
70 7.6 7.5 
80 7.2 7.7 
90 7.6 6.5 
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From the results in T a b i e 5:3 and in f i g . 5:4 i t can be seen 
that an approximately 40% decrease in the rate of oxygen 
consumption by the Malpighian tubules occured in the presence 
of I m M ouabain. The effect of ouabain was maximal after 10 
minutes. In the control tubules, a marked reduction in the 
rate of oxygen consumption occured after 30 minutes. This is 
thought to be due to a tissue ageing effect which was more rapid 
at 30°C than at 0°C in the previ ous experiments. As no 
comparable ageing effect was observed in the ouabain treated 
tissue, i t might suggest that i t is the ouabain sensitive 
portion of tubule respiration which is susceptible to ageing. 
A series of experiments were then carr ied 
out measuring the rate of. oxygen consumption by tubules 
which had been soaked for 30 minutes in I m M ouabain and 
comparing them with those soaked in normal ringer fo r the 
same time period. The mean results are shown in Table. 5:4, 





































































































A typical example showing the rate of oxygen 
consumption as a function of time by Malpighian tubules soaked 
— 3 
in 'normal ' Ringer solution ( © ), or Ringer containing 10" M 
ouabain ( © ) . 
Ordinate: Oxygen consumption expressed as a 
% of the original rate ( immediately 
af ter dissection). 
Abscissa: time in minutes. 
FIG. 5:5 
-3 
Typical example of the effect of ouabain (10~ M) 
on the rate of oxygen consumption by Malpighian tubules. 
Rate 1. ( • ) in 'normal ' Ringer solution immediately after 
dissection. 
Rate 2. ( ta ) Af te r 30 minutes in Ringer solution containing 
10~^M ouabain at 30°C. 
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Discussion 
F rom the oxygen electrode studies i t 
would appear that approximately 33 % of the oxygen 
consumed by the Malpighian tubules is involved in an 
active process requiring ions, and which is 
inhibited by ouabain. Since ouabain is a specific inhibitor 
of the Na- K.+ATPase enzyme, and as this enzyme has 
been shown to be present in the tubules (See previous 
chapter) the results presented here suggest the 
involvement of the enzyme in active cation transport 
across the membrane. These results agree with those 
obtained fo r kidney tissue (WHITTAM, 1961; 1962; 
WHITTAM and WILLIS 1962; 1963) where the presence 
of ouabain or absence of N a + have been shown to 
reduce oxygen consumption by as much as 40%. These 
results are di rect ly comparable as Na^ i s the major 
cation transported in kidney tissue, but K + i s of pr ime 
importance in Locusta tubules, (See Chapter 6). It seems, 
+ + 
therefore, that the process of active transport (Na- K 
ATPase activity) appears to regulate part of the 
respiration in Locusta Malpighian tubules as i t does in 
mammalian kidney, thereby ensuring the availabili ty of 
energy in the f o r m of ATP f o r i ts own act iv i ty . 
N a - K ATPase activity and oxidative phosphorylation in 
Malpighian tubules is i l lustrated in F i g . 5:6. 
The proposed interrelationship between 
3 1 MAY 1977 
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FIG. 5:6 
Diagram showing the proposed relationship 
+ + 
between Na- K ATPase activity on the cell membrane of 
a Malpighian tubule, and oxidative phosphorylation within 
a mitochondrion. 
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The Na- K ATPase enzyme actively transports K ions 
f r o m the haemolymph into the cytoplasm across the cell 
membrane and N a + is transported in the opposite 
direct ion. The energy for this process is obtained f r o m 
splitting ATP to ADP and phosphate. As ADP and phosphate 
accumulate they pass into the mitochondria and 
stimulate oxidative phosphorylation which results in the 
+ + 
replenishment of the supply of A T P . Na- K ATPase 
activity can therefore continue as there is always 
sufficient ATP available to provide the energy fo r active 
transport. 
BLOND and WHITTAM ( 1964) carr ied out 
respiration studies on kidney homogenates instead of 
whole tissue. They found that the response to N a + f r e e 
media and ouabain was the same as in whole tissue. They 
conclude that "The mechanism regulating this component 
of respiration in slices is s t i l l operative in disrupted tissue" 
This.also agrees with the fact that in the present study 
the Na- K + ATPase enzyme has been shown to be active in 
tissue homogenates f r o m Malpighian tubules (See previous 
chapter). 
It would seem clear, therefore, that 
active transport, respiration and Na- K + ATPase activity 
are very closely coupled in Locusta Malpighian tubules. 
These results strongly suggest the involvement of the 
Na- K ATPase enzyme in active cation transport across 
the Malpighian tubules of Locusta migra tor ia . 
t 03 
CHAPTER 6 
Studies on f luid secretion by the Malpighian Tubules of 
Locusta migrator ia in v i t ro 
Introduction 
RAMSAY (1954) devised an ingenious 
method fo r studying the secretion of urine by the isolated 
Malpighian tubules of Carausius, and he was able to show 
how urine production was affected by varying the 
composition of the bathing medium. This technique, with 
minor modifications, has been widely adapted and 
extensive studies have been carr ied out on a variety of 
insects, (reviews BERRIDGE, 1967; MADDRELL, 1971). 
+ 
For most insects i t has been found that K ions are 
essential fo r urine production by the tubules and i t is 
thought that the active "pumping" of these ions f r o m the 
haemolymph to the lumen creates the osmotic imbalance 
necessary fo r water to flow passively (RAMSAY 1953; 1954; 
BERRIDGE, 1968; MADDRELL and KLUNSUWAN, 1973). 
However, not al l species of insect which have been 
investigated use K + as the "prime mover". For example 
Rhodnius (MADDRELL, 1969) uses both N a + and K + 
whereas Glossing (GEE, 1976) uses Na"1 . 
BERRIDGE (1967) and BERRIDGE and 
OSCHMAN (1969) proposed a model to explain f lu id 
transport across the Malpighian tubules of Calliphora. 
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They suggest that two active K pumps exist, one on the basal 
surface, and one on the apical surface of the tubule cel ls . 
Due to the fact that in most species the in v i t ro rate of urine 
secretion is enhanced when Na^ ions are present as well as K + 
(PILCHER, 1970b), they propose that at least one of the "pumps" 
+ + 
is a Na- K ATPase enzyme. However since f lu id secretion 
continues in the absence of N a + in Calliphora they suggest 
that the"pump" on the apical surface of the cells is an 
electrogenic K + "pump", and that i t is the rate at which K + i s 
delivered to this second "pump" which determines the rate of 
+ + 
urine production. Thus, .in the event that the Na - K ATPase 
was unable to function, urine could s t i l l be produced at a 
much reduced rate, due to the diffusion of K + to the apical 
+ + 
"pump". If this model is correct , and a Na- K ATPase ».s 
involved in f lu id transport i t would be expected that ouabain, 
a specific inhibitor of Na t ATPase would inhibit urine 
format ion by the tubules. Several workers have t r i ed , 
without success, to demonstrate this effect on isolated 
Malpighian tubules f r o m a variety of different insects species 
(BERRIDGE, 1968; MADDRELL, 1969; PILCHER, 1970b; 
GEE, 1976) and consequently this has thrown doubt on the 
involvement of the Na t K + ATPase "pump". FARQUHARSON 
(1974b) however, has shown that f lu id secretion by the 
Malpighian tubules of the p i l l millipede Glomeris marginata 
is inhibited by ouabain, and ATZBACHER et al (1974) have 
also shown that in Drosophilq hydei ouabain reduces the rate 
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at which certain dyes are excreted via the Malpighian tubules 
+ + 
The presence of a Na- K ATPase enzyme 
has clearly been demonstrated in microsomal preparations 
f r o m Malpighian tubules of Locusta (Chapter 4), and i ts 
possible involvement in f lu id transport has been implicated 
by the effect of ouabain on tubule respiration (Chapter 5). 
The following study has been carr ied out to provide a clearer 
understanding of the factors involved in controlling cation and 
water transport across the Malpighian tubules of Locusta , 
and in particular to determine the extent to which the 
Na t K ATPa se enzyme characterised in Chapter 4 is 
involved. 
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Materials and Methods 
Sexually mature locusts of both sexes 
were used throughout al l the following experiments. 
i) The determination of the rate of tubule secretion in v i t ro 
In v i t ro measurements of f lu id secretion by 
the Malpighian tubules were carr ied out using essentially the 
same technique as that described by MADDRELL and 
KLUNSUWAN (1973) with a few minor modifications. The 
gut of an experimental animal, with the head s t i l l attached, 
was immersed in a small volume of Ringer solution in a 
hollow in a perspex dish. The head remained outside the 
trough to prevent contamination by regurgitated f l u i d , and the 
rectum was ligated to prevent leakage of gut contents. The 
preparation was covered with l iquid paraf f in . Individual 
Malpighian tubules were drawn out of the Ringer trough into 
the l iquid paraff in and looped around a small stainless steel 
peg (F ig . 6:1). The tubule was then part ia l ly severed at a 
convenient point along its length using a tungsten needle, and 
the rate of secretion determined by measuring the rate of 
increase in the diameter of the approximately spherical 
droplet secreted f r o m the cut. 
The secretion rate f o r each tubule was 
determined by measuring the diameter of the secreted 
droplet at 5 minute intervals over a period of 40 minutes. 
At the end of this time the Ringer solution was replaced by 
a f resh solution which had either the same or a different 
1 0 7 
FIG. 6:1 
Experimental arrangement involved in 
setting up in v i t ro preparations of Malpighian tubules. 
Note : The hollow in the perspex dish 
containing Ringer in which the gut is 
placed. Individual Malpighian tubules 
looped around pegs out of the Ringer 
solution. The entire preparation is 
covered with l iquid paraf f in . 







composition. After an equilibration period of 20 minutes the 
rate was re-determined f o r a fur ther 40 minutes. The 
volume of f lu id secreted was calculated in nls. by assuming 
the droplet to be a sphere, and the effect of the treatment 
was estimated by comparing the rates of secretion during 
the two periods of 40 minutes. Paired " t " tests were 
carr ied out to compare the two rates. It was found to be 
essential fo r each tubule to act as i ts "own control" in the 
manner described because considerable variation occured 
in the rate of f lu id secretion f r o m individual tubules. 
The temperature throughout was 
maintained at 30^ 0 .5°C by placing the perspex dish inside 
a water heated temperature chamber. 
Experimental conditions varied f r o m these 
described above in certain experiments and where this is so 
the variation in method w i l l be described in the text. 
i i ) The determination of the N a + and K + composition of 
the urine. 
The gut preparations were set up as 
outlined above either using 'normal ' or modified Ringer 
solutions. Af te r the in i t i a l 10 minute period the droplets 
were removed and discarded. This was to ensure that the 'urine 
which was subsequently to be analysed was formed f r o m the 
Ringer solution and not f r o m the haemolymph pr ior to the 
dissection. The 'urine ' secreted over the next 30 minutes 
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was collected f rom individual tubules using a l | i l microcap, 
transferred to a glass cavity slide which had been 
sil icon ized with "S ILICLAD" (Clay Adams),and 'pooled' 
under liquid paraf f in . 
+ + Na and K concentrations were 
determined on 0.5/i.l samples of "urine" in 3mls of 
deionized water by atomic emission spectroscopy, using 
a Pye Unicam SP90 spectrophotometer. Emission 
readings were referred to standard calibration curves 
constructed with known concentrations of NaOH and KOH 
(See Appendix 6. Figs. . A : 6 : l , A:6:2). 
AnalaR n i t r ic acid washed pyrex 
g l a s s w a r e was used throughout. 
i i i ) The determination of the effect of ouabain on the N a + 
and K + concentrations in the urine. 
Urine samples f rom gut preparations 
in 'normal ' Ringer solution were collected over an in i t i a l 
period of 30 minutes and analysed in the manner 
described in ( i i ) above. The 'normal ' Ringer solution was 
then replaced with a f resh solution of 'normal ' Ringer 
containing I m M ouabain. Following an equilibration period 
of 10 minutes, at the end of which any droplets were 
discarded, urine was collected fo r the subsequent 30 
minutes and i ts N a + and K."1 concentration determined. 
Control experiments were carr ied out in which 'normal ' 
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Ringer was used throughout. 
iv) The determination of the osmotic pressure of the 'urine ' 
The osmotic pressure was determined by 
the cryoscopic method of RAMSAY and BROWN (' 1955). 'Urine ' 
samples were placed in lj . i l microcaps both ends of which were 
blocked with l iquid para f f in . The samples were frozen by 
immersion in a freezing mixture of 98% ethanol and solid 
and the melting points determined. The results were converted 
f r o m A ° C to m.osmoles by comparison with a standard curve 
(Appendix 6: F i g . A:6:3). 
v) The determination of the effect of temperature on f lu id 
secretion by the Malpighian tubules 
The rate of urine secretion by in v i t ro 
Malpighian tubules was determined fo r 30 minutes at 30°C in the 
manner described in (i) above. The temperature was rapidly 
re-adjusted to a desired level , the tubules allowed 15 minutes 
to equilibrate to the new temperature, and the rate of 
secretion was redetermined. The temperature was monitored 
continuously using a calibrated ITT bead theristor 
connected into a Wheatstone bridge arrangement. (See 
Appendix 6. F i g . A:6:4 fo r calibration curve). The 
thermistor tip (diameter 0.5mm) was f ixed into a hypodermic 
needle of 0.63mm bore with Araldi te , and the needle 
inserted inside the gut. A continual flow of pure oxygen was 
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bubbled through the bathing medium throughout to ensure that 
oxygen depletion did not become ra te - l imi t ing at the higher-
temperatures . 
An alternative Ringer solution buffered 
with H . E . P . E . S . (N. 2-Hydroxy ethyl piperazine N2 
ethansulfonic acid) pH7.2 was used instead of the 'normal ' 
Ringer used elsewhere. This was found to be necessary 
because the pH of 'normal ' Ringer varied considerably with 
temperature whereas that buffered with H . E . P . E . S . has 
been shown to be vi r tual ly independent of temperature 
(GOOD et al , 1966). The composition of H . E . P . E . S . 
Ringer solution was 100m M NaCl, 8 .6mM K C l , 2mM C a C l 0 , 
8 .5mM M g C l 2 , 4mM N a H 2 P 0 4 > 4mM NaHC0 3 > 
34mM glucose, 25mM H . E . P . E . S . , l l m M NaOH 
(pH 7.2 at 30°C with NaOH). The temperature 
characteristics of the Ringer solutions are shown in Appendix 
6(Figs . A:6:5 and A:6:6.) 
vi) The determination of the effect of ouabain on the 
ultrastructure of the Malpighian tubules 
Locusts were kil led by decapitation and the 
Malpighian tubules quickly removed by dissection. The mass 
of tubules f r o m each animal was divided into two 
approximately equal parts. One part was soaked in 'normal ' 
Ringer and the other in Ringer containing I m M ouabain; both 
fo r 30 minutes at 30°C. They were then processed fo r 
either scanning or transmission 
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electron microscopy as described in Chapter 3. 
Resul ts 
+ + 
1) The effect of alterations in Na and K concentrations 
on f lu id secretion by the Malpighian tubules 
In view of the fact that Na *~ and K + ions 
are necessary fo r the Na- K ^ATPase enzyme to function, i t 
would be expected that, i f this enzyme was involved in f lu id 
secretion by Locusta tubules, both ions would also be 
required f o r normal f lu id production to occur. To test this, 
the effects of the presence or absence of these two cations 
on f lu id secretion by the tubules were studied. The various 
Ringer solutions used are shown in table 6 : 1 , and the results 
obtained in Table 6 :2 . 
When the tubules were placed i n K + f ree Ringer the rate of 
secretion diminished to 12% of normal within 20 minutes 
(F ig . 6 : 3 ) , and in over half the experiments f lu id 
production subsequently stopped altogether. Attempts to 
+ + revive the tubules by re-introducing K ions fa i l ed . In Na 
f r ee , high K1^ Ringer solution f lu id secretion, whilst 
reduced, s t i l l occured at a f a i r l y substantial rate. (F ig . 6:4) 
In this case, however, the effect was rather more variable than 
with the other solutions used. By contrast, when sodium was 
replaced by choline chloride there was a marked decrease in 
the rate of f lu id secretion t o ' 28.9% of the original rate, as 
measured in normal Ringer (F ig . 6: 5). Whilst the possibili ty 
remains that both choline chloride and high levels of K + 
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TABLE 6:1 
The composition of the experimental solutions (concentrations in mM 
1 2 3 4 
NaCl 129 137.6 - -
KC1 8.6 - 137.6 8.6 
M g C l 2 8.5 8.5 8.5 8.5 
C a C l 2 2.0 2.0 2.0 2.0 
NaHC0 3 10.2 10.2 - -
N a H 2 P 0 4 4.3 4.3 - -
KHCO3 - - 10.2 10.2 
K H 2 P 0 4 -• - 4.3 4.3 
Choline • CI - - - 129.0 
Glucose 34.0 34.0 34.0 34.0 
1 = normal; 2 = K f ree ; 3 = Na free with excess K ; 4 = Na free 
with choline. A l l solutions adjusted to pH 7.2 
TABLE 6 : 2 
The effect of Ma and K on the secretion of f lu id by the Malpighian 
tubules 
Treatment No. of 
tubules 
Mean rate of 
secretion ( /o 
of original + S . E . 
P 
Control 12 88.0 + 7.2 Not. s ig . 
f ree 12 12;0 + 6.8 P< 0.001 
N a + f ree (with high K + ) 16 57.5 + 14.3 P< 0.01 
N a + f ree (with Choline,) 18 28.9 + 6.2 P< 0.001 
( P values were obtained by comparing rate 1 and rate 2 by paired 1 1 ' 
tests) 
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FIG. 6:2 
Typical example of a control experiment 
measuring the rate of f lu id secretion by an individual 
Malpighian tubule during 2 consecutive 40 minute 
periods in "normal" Ringer solution. 
Rate 1 ( • ) . 
Rate 2 ( A ) . 
Ordinate: Volume of f lu id produced (nl) . 
Abscissa: time in minutes. 
F I G . 6:3 
Typical example of the effect of the. absence 
of K + o n f lu id secretion by an individual Malpighian tubule. 
Rate 1 ( O ) in 'normal ' Ringer solution. 
Rate 2 ( * ) in K + f ree Ringer solution. 
Ordinate: Volume of f lu id produced (nl) . 
Abscissa: t ime in minutes. 
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FIG. 6:4 
Typical example of the effect of the absence 
of N a + on f lu id secretion by an individual Malpighian 
+ + tubule when Na is replaced by K . 
Rate 1 ( o ) in "normal" Ringer solution. 
Rate 2 ( A ) in N a + f ree (high K + ) Ringer solution. 
Ordinate: Volume of f lu id produced (nl) . 
Abscissa: time in minutes. 
FIG. 6:5 
Typical example of the effect of the absence 
of Na on f lu id secretion by an individual Malpighian 
tubule when N a + i s replaced by choline. 
Rate 1 ( © ) in "normal" Ringer solution. 
Rate 2 ( * ) in Na free ( choline) Ringer solution. 
Ordinate: Volume of f lu id produced (nl) . 
Abscissa: time in minutes. 
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adversely affect f lu id secretion per se, i t does seem clear 
that both Na ' and K"1 are necessary for the normal functioning 
of the tubules. 
2) The effect of ouabain on f lu id secretion by the Malpighian 
tubules 
As ouabain has been shown to be a specific 
inhibitor of the Na"'"-K+ATPa se enzyme (SKOU, 1965) a 
c r i t i ca l test fo r the involvement of this enzyme in ion and 
water transport across Malpighian tubules was to determine 
whether f lu id secretion by the tubules was ouabain sensitive. 
Experiments were carr ied out, therefore, to compare the rate 
of tubule secretion in 'normal ' Ringer with that in 'normal ' 
-7 -3 
Ringer containing ouabain at concentrations of 10 to 10 M . 
The mean results are shown in table 6:3, and some 
representative examples of results obtained with individual 
tubules can be seen in F i g . 6:6. 
TABLE 6:3 The effect of different ouabain concentrations on 





Mean rate of secretion 
(/ooriginal rate + S . E . P 
Control 12 88.0 + 7.2 Not s ig . 
10 ouabain 16 77.6 + 12.7 Not s ig . 
10 ^ ouabain 17 31.1 + 7.0 P< 0-001 
10 ^ ouabain 16 29.7 + 8.8 P< 0.01 
10 ^ouabain 17 38.3 + 10.8 P< 0.001 
10~^ ouabain 1.1. 6.7 + 4.9 P<0 .001 
(P were obtained by comparing rate 1 and rate 2 values by paired ' t 
test). 
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FIG. 6:6 
Typical examples of the effect of various 
concentrations of ouabain on f lu id secretion by individual 
Malpighian tubules. Fluid secretion was in i t i a l ly determined 
in normal Ringer solution ( 9 ) and subsequently in either 
f resh Ringer solution in the case of the control ( • ) or in 
f resh Ringer solution containing the indicated quantity of 
ouabain . ( • ) . 
Ordinate: Volume of f lu id produced (nl) . 
Abscissa: time in minutes. 
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From the results i t is evident that f lu id secretion b; 
the Malpighian of Locusta was inhibited by ouabain at 
-6 3 
concentrations between 10 and 10" M , The threshold f o r the 
-6 -7 
response was between 10 and 10 M . This result clearly 
implicates N a + - K ^ATPase action in urine format ion. It was 
also noticeable that the movement of the tubules was also 
inhibited by ouabain at concentrations greater than 10 after 
30 minutes. 
3) The Na and K composition of the secreted f luid 
"Urine" was collected f r o m tubule preparations 
+ + 
which had been bathed in solutions with varying K and Na 
composition. The solutions were adjusted to maintain the total 
+ + 
concentration of Na and K at 140mM, but the relative 
proportions of the two ions were altered. The results are 
represented graphically in F ig . 6:7 (also see Appendix 6 ( i ) ) . 
It can be seen that K + ions were secreted much 
more readily than Na even when they were present in much 
lower concentration in the bathing medium. At K + 
concentrations greater than 20mM (120mM Na ) there was 
+ + more than three times as much K secreted as Na . At 
very low K + concentrations, however, the amount of N a + 
increased considerably until i t comprised 88 > of the totaL N a + 
plus K + concentration in the urine was f a i r l y constant with a 
mean value of 176.3mM. It would seem, therefore, that 
although K + is the preferred cation, N a + can also be secreted 
in conditions of very low K + . 
FIG. 6:7 
Concentrations of Na *" and K + in the f lu id 
secreted by Malpighian tubules of Locusta as a function 
of their concentration in the bathing medium. The vert ical 
lines represent — l . S . E . of the mean and the f igures in 
brackets.indicate the number of determinations. 
Ordinate: Concentration in the urine (m. Molar) 
Abscissa: Concentration in the bathing medium 
(m. Mola r ) . 
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4) The effect of ouabain on the Na and K levels in the urine 
+ + 
The Na and K concentration in samples of urine 
obtained f r o m tubules immersed in 'normal 1 Ringer for 30 
minutes was compared with the concentrations of these ions 
after the tubules had been immersed fo r a second 30 minutes 
in Ringer solution containing I m M ouabain. 
As shown in (2) above, f lu id secretion was 
inhibited in the presence of ouabain and consequently d i f f i cu l ty 
was sometimes encountered in obtaining exactly 0.5j i l samples 
of urine fo r analysis. To overcome the variation in sample 
volume together with the d i f f icu l ty in determining the exact 
volume collected, i t was necessary to compare the ratio of 
Na + : K + in the samples and not the precise amounts of each 
ion present. The results obtained are shown in table 6:4. 
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5) The effect of osmotic pressure on the rate of f luid 
secretion by the Malpighian tubules 
The osmotic pressure of 'normal ' Ringer 
solution was decreased by the addition of deionised water, 
and i t was increased by the addition of sucrose. The rate of 
urine secretion was determined fo r 30 minutes in normal 
Ringer (364mOsmoles) in the manner described previously. 
The Ringer solution was then replaced with' a solution of 
modified osmotic pressure, the tubules allowed 10 minutes 
to equilibrate, and the rate of secretion redetermined. The 
results are presented graphically in F i g . 6:8 (See also 
Appendix 6(ii) ) . 
It can be seen that the relationship 
between the rate of f lu id production and the osmotic 
concentration of the bathing medium was sigmoidal ; the 
rate being slow in an osmotically high medium and rapid in 
a medium with a low osmotic pressure. At osmotic 
concentrations below 86mOsmoles, however, the rate of 
secretion was in i t i a l ly very high, but this rate was not 
substained and in many cases f lu id production stopped 
completely. This may well have been related to the K + level 
(0.86mM ) and to a lesser extent the N a + (12 .9mM). 
becoming rate l imi t ing as a result of dilution of the Ringer 
solution. 
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FIG. 6:8 
Effect of the osmotic concentration of the 
bathing solution on the rate of f lu id secretion by 
Malpighian tubules. The vert ical lines represent - l . S . E . of 
the mean, and the figures in brackets indicate the number of 
determinations. 
Ordinate: rate of f lu id secretion expressed 
as a % of the rate in "normal" 
Ringer solution. 
Abscissa: osmotic concentrations of the 
bathing solution (m. Osmoles). 
FIG. 6:9 
Effect of the osmotic concentration of the 
bathing solution on the osmotic concentration of the "urine 
secreted by the Malpighian tubules. 
Ordinate: osmotic concentration of the 
secreted f lu id (m . Osmoles). 
Abscissa: osmotic concentration of the 
bathing solution (m. Osmoles). 
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6) The osmotic concentration of the secreted f lu id 
In a fur ther series of experiments the osmotic 
pressure of the 'urine 1 was compared with that of the bathing 
f l u i d . The results attained are shown in F ig . 6:9. The 
'urine' produced was marginally, but consistently hypertonic 
to the bathing medium over a wide range of osmotic 
concentrations by some 22.9 ± 2.6 mOsmoles. Application 
2 
of JC tests indicate that this hypertonicity is significant 
(P <0.001) . 
7. The effect of temperature on f lu id secretion by the 
Malpighian tubules 
The results showing the effects of temperature on 
Malpighian tubule secretion are represented graphically in F i g . 
6:10 (see also Appendix 6( i i i ) ) . Fluid secretion increased with 
temperature between 5 ° - 4 0 ° C . Beyond 40°C, however, the 
effect of temperature became very er ra t ic (hence the large 
standard e r ro r ) with many tubules secreting rapidly in i t i a l ly but 
being unable to support f lu id production fo r more than approximatel) 
10 minutes. At high temperatures the tubule movement was also 
greater, and many tubules snapped. It would appear, therefore, 
that 40°C was the maximum temperature fo r efficient tubule 
function under these conditions. 
. . An.Arrhenius \i plot of the data is shown in F i g . 6:11. 
Unlike the ATPase graphs there was no "break" point observed 
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FIG. 6:10 
The effect of temperature on the rate of f lu id 
secretion by the Malpighian tubules. The vert ical lines 
represent - I . S . E . of the mean, and the figures in 
brackets indicate the number of determinations. 
Ordinate: rate of f luid secretion expressed 
as a % of the rate at 30°C. 
Abscissa: Temperature ° C . 
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F I G . 6:11 
A r r h e n i u s | i p lot showing the e f f ec t of 
t empera tu re on f l u i d sec re t ion by Malpighian tubules . 
Ordina te : log^Q of the rate of sec re t ion 
(expressed as a % of the rate 
at 3 0 ° C ) . 
Absc i ssa : r e c i p r o c a l of t empera ture in 
3 
degrees Absolute x 10 . 












around 20 C and the plot was l i n e a r . The A r r h e n i u s ji value 
f o r f l u i d s ec re t ion was 58.3 K . j ou l e s . 
8. The e f f ec t of Cyc l i c A M P on f l u i d sec re t ion by the Malp igh ian 
tubules 
A f t e r 30 minutes in ' n o r m a l ' Ringer the prepara t ions 
were exposed to a Ringer so lu t ion containing c y c l i c A M P at 
-5 - 2 
concentra t ions v a r y i n g between 10 - 10 M . The sec re t ion 
rate was mon i to red f o r 60 minutes f o l l o w i n g the addi t ion of 
c y c l i c A M P . 
-3 
The e f f ec t of cyc l i c A M P was most marked at 10 M 
wi th a threshold f o r s t imu la t i on between 10 ^ and 3 x 10 ^ M 
( F i g . 6:12; Appendix 6 ( iv ) ) . F i g . 6:13 shows the typ ica l response 
-3 
shown by an ind iv idua l tubule to 10 M c y c l i c A M P . Some 
s t i m u l a t i o n was noted a lmost i m m e d i a t e l y , however m a x i m u m 
s t i m u l a t i o n o c c u r r e d between 10 and 20 minutes a f t e r the 
addi t ion of c y c l i c A M P . T h e r e a f t e r the rate re tu rned to 
approx ima te ly i t s o r i g i n a l leve l ( i . e . rate 1) . 
9. The e f f ec t s of 5 -Hydroxy t ryp t amine (5+1T) on f l u i d sec re t ion 
by the Malp igh ian tubules 
The e f f ec t of 5HT (creat in ine sulphate complex) on f l u i d 
sec re t ion was examined . The expe r imen ta l procedure was 
iden t ica l w i t h that used i n 8 above. The r e su l t s are shown i n 
Table 6:5. 
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F I G . 6:12 
E f f e c t of c y c l i c A M P on f l u i d sec re t ion by 
Malp ighian tubules . The v e r t i c a l l ines represent - ^ . S . E . 
of the mean, and the f i g u r e s i n brackets indicate the numbe 
of de t e rmina t i ons . 
Ord ina te : ra te of f l u i d product ion (expressed 
as a % of the rate i n ' n o r m a l ' 
Ringer so lu t ion ) . 
Absc i ssa : negative'log^Q c y c l i c A M P 
concen t ra t ion . 
F I G . -6:13 
-3 
A typ i ca l example of the e f fec t of 10 M 
c y c l i c A M P on f l u i d s ec re t ion by an ind iv idua l 
Malp igh ian tubule ( A r r o w indicates change f r o m N o r m a l 
Ringer so lu t ion to Ringer containing c y c l i c A M P ) . 
Ord ina te : ra te of f l u i d s ec re t ion ( n l / m i n ) . 
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Table 6:5 The e f f ec t of 5-HT on f l u i d secre t ion by the Malp ighian 
Tubules 
Cone. 5HT M Mean rate of f l u i d sec re t ion 
as % of o r i g i n a l ra te + S . E . 
P n 
0 9 8 . 3 + 1 4 not s i g . 11 
i c r 8 109.3 + 14 not s i g . 9 
I D " 7 120.0 + 20 not s i g . 19 
l O " 6 124.9 + 10 .4 not s i g . 15 
io - 4 128.1 + 19.8 not s i g . 12 
(P values were obtained by compar ing rate 1 and rate 2 by a pai red 
' t 1 t e s t . ) 
It can be seen that 5HT had no e f f ec t on f l u i d 
p roduc t ion by the Malpighian tubules at concentrat ions between 
1 0 " 8 and 1 0 " 4 M . 
10) The e f f ec t on Ouabain and low osmot ic pressure on tubule 
ul t r a s t r u c t u r e 
T h i s study was c a r r i e d out p r i m a r i l y to de t e rmine 
the e f f ec t of I m M ouabain on the f ine s t r uc tu r e of the Malp igh ian 
tubule c e l l s . I n i t i a l l y t issues soaked i n ' n o r m a l ' R inger so lu t ion 
f o r 30 minutes were compared w i t h those soaked in 'normali Ringer 
so lu t ion containing I m M ouabain f o r the same p e r i o d . Nei ther 
scanning nor t r a n s m i s s i o n e l ec t ron mic roscopy revealed any 
130 
d i f f e r e n c e in f ine s t ruc tu re between the two t rea tments ; nor d id 
e i the r d i f f e r f r o m the n o r m a l appearance of Malp ighian tubule 
s t r u c t u r e descr ibed in Chapter 3. 
The t r ansmis s ion e l ec t ron mic roscopy study was then 
extended to examine the u l t r a s t r u c t u r e of r ap id ly secre t ing t issue 
to de te rmine whether f ine s t r u c t u r a l changes were associated 
wi th . the phys io logica l state of the c e l l s , and the extent to which 
any such change was ouabain sens i t ive . To th is end the t issue 
was soaked i n e i the r 25% n o r m a l Ringer so lu t ion o r i n 25% 
Ringer so lu t ion containing I m M ouabain. (It had p rev ious ly been 
shown that 25 % of n o r m a l Ringer caused a marked increase i n 
the rate of u r ine sec re t ion (see sect ion 5) ) . 
The resu l t s obtained indicate that soaking the tubules 
i n 25% Ringer solut ion e f fec ted a marked change i n f ine s t r u c t u r e 
compared wi th t issue soaked i n ' n o r m a l ' Ringer ( c . f . Plates 27. 
and 28). In p a r t i c u l a r the e x t r a c e l l u l a r spaces were cons iderab ly 
expanded on the basal c e l l bo rde r w i t h la rge spaces extending 
deep in to the cy top l a sm. In cont ras t the m i c r o v i l l a r bo rde r 
appeared r e l a t i v e l y una f fec ted . Mi tochondr ia and other c e l l 
o rgane l les appeared in tac t and apar t f r o m an increased e l e c t r o n 
densi ty of the cy toplasm no other changes i n f ine s t r u c t u r e were 
apparent . Once again ouabain had no e f f ec t on f i ne s t r u c t u r e . I t 
i s c l e a r , t h e r e f o r e , that the e f f ec t of ouabain on f l u i d sec re t ion by 
Malp igh ian tubules i s not the r e su l t of this d rug producing changes 
i n c e l l u l a r f ine s t r u c t u r e . 
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P L A T E 27 and P L A T E 28 
T r a n s m i s s i o n e l ec t ron m i c r o g r a p h s of a T . S . 
through the basal reg ion of Malp ighian tubules . 
P L A T E 27 
The appearance of a tubule which has been 
p rev ious ly soaked in " n o r m a l " Ringer so lu t ion f o r 3 0 
minutes p r i o r to f i x a t i o n . 
Scale = 2 j im 
P L A T E 28 
The appearance of a tubule which has been 
p rev ious ly soaked i n 25/o " n o r m a l " Ringer so lu t ion f o r 30 
minutes p r i o r to f i x a t i o n . 
Scale = 2(im 
Compar i son between plate 27 and plate 28 shows 
the considerable d i s t o r t i o n of the e x t r a c e l l u l a r spaces (Es) 
between the basal i n fo ld ings in the tubule soaked i n 25 /o 
Ringer s o l u t i o n . Note also the substant ia l increase i n the 
e l ec t ron dens i ty i n plate 28 and consequently the loss of 




















Indiv idual tubules of Locusta were able to 
secrete f l u i d at a constant rate f o r severa l hours when 
bathed i n ' n o r m a l ' Ringer s o l u t i o n . It was not necessary to 
s t imu la t e the tubules wi th e i the r a d i u r e t i c hormone o r 
c y c l i c A M P to induce sec re t ion as i s the case wi th 
Rhodnius ( M A D D R E L L , 1969) o r Glossina (GEE, .1.976). 
The mean rate of secre t ion f r o m Locus ta tubules of 
1 .7n l /minu te agrees w i t h the value of l - 2 n l / m i n u t e g iven 
by M A D D R E L L and K L U N S U W A N (1973) f o r Schis tocerca 
q r e g a r i a . 
The resu l t s show that potassium i s of 
p r i m e impor tance i n the u r ine product ion of Locus t a . The 
tubules have the a b i l i t y to concentrate K *" i n the u r i n e , and 
i t i s t r anspor ted i n preference to Na~^ even when present at 
much l o w e r concentrat ions i n the bathing m e d i u m . In the 
complete absence of i n the bathing med ium the rate of 
tubules sec re t ion i s d r a s t i c a l l y reduced. In this way 
Locus ta c o n f o r m s wi th R A M S A Y ' S theory put f o r w a r d f o r 
Caraus ius (1953, 1955) which suggests the sec re t ion of 
potass ium i s the " p r i m e m o v e r " generat ing a f l o w of u r i n e . 
Th is i s a lso the case i n severa l other insects such as 
C a l l i p h o r a (BERRIDGE, 1968); T ipu l a paludosa ( C O A S T , 1969) 
and Sch i s toce rca g rega r i a ( M A D D R E L L and K L U N S U W A N , 
1973). The r e l a t i ve impor tance of N a + i n the u r ine 
appears to v a r y between insect species . In Locusta as i n 
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Carausius (P1LCHER, 1970b) m a x i m u m f l u i d sec re t ion 
- I - + could only occur in the presence of Na as we l l as K . I n 
Ca l l i pho ra , however , the m a x i m u m rate of ur ine f o r m a t i o n 
+ 4-was recorded when K comple te ly replaced Na i n the 
bathing m e d i u m , (BERRIDGE, 1968). In the tsetse f l y , 
Glossina mors i t ans sodium i s the ion which i s 
p r e f e r e n t i a l l y t ranspor ted by the tubules (GEE, 1976) 
although as i n Locusta , sec re t ion w i l l only occur at 
+ + m a x i m u m rate i n the presence of K as we l l as Na . The 
necessi ty f o r the concomitant presence of both cat ions i n 
these insects s t rong ly f avours the suggestion that a coupled 
+ - I -
N a - K ATPase pump i s involved i n ' u r i n e ' s e c r e t i o n . 
F l u i d sec re t ion by the Malpighian 
tubules of Locusta was inh ib i t ed by ouabain over the 
6 3 
concent ra t ion range of 10~ to 10" M.In a l l other insect 
tubules studied to date ouabain has had no e f f ec t on 
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sec re t ion at concentra t ions up to 10" M . ( B E R R I D G E , 1968; 
M A D D R E L L , 1969; P I L C H E R , 1970; GEE, 1976). 
FARQUHARSON (1974) however , was able to show that 
f l u i d product ion by the p i l l m i l l i p e d e , G l o m e r i s marg ina ta 
was sensi t ive to ouabain at concentrat ions as low as 
5 x l 0 ~ ^ M . The only other evidence of ouabain 
i n h i b i t i o n of Malp ighian tubule func t ion comes f r o m the 
i n v ivo exper iments of A T Z B A C H E R et a l . (1974) and 
HE V E R T (1975). They have shown that the rate of 
exc re t i on of two dyes , azocarmine and indigo c a r m i n e i s 
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s i g n i f i c a n t l y reduced i f ouabain (O.OOlmls of 3x10" M) i s 
in jec ted into the haemolymph . 
The e f f ec t of ouabain on sec re t ion by 
Locusta tubules s t rong ly suggests that at least one i on pump, 
involved i n ur ine p roduc t ion , i s a Na^ K + A T P a s e enzyme. 
It i s d i f f i c u l t to suggest why the ouabain e f fec t should be 
c l e a r l y seen i n Locusta but not in other species . It may be 
that ouabain was not reaching the enzyme site i n s u f f i c i e n t 
quant i t ies- to b r i n g about i nh ib i t i on .;• I R V I N E and P H I L L I P S 
(1971) w o r k i n g on the r ec t a l sac of Sch is tocerca were able 
- 2 . + to show that .1.0" M ouabain inh ib i ted water and Na 
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movement , but that there was no e f fec t w i th 10 M 
ouabain. They suggest that a high concentra t ion may be 
necessary to overcome the long d i f f u s i o n path to the act ive 
s i t e . Other w o r k e r s such as B L A I N E et a l (1975) and 
D I A M O N D (1962), examining the e f f ec t s of ouabain on sheep 
adrenals and rabb i t ga l l b ladder r e spec t ive ly , have noted 
that i t took at least 30 minutes before an e f f ec t occured . 
There i s , t h e r e f o r e , some j u s t i f i c a t i o n f o r the suggestion 
that ouabain may not be reaching the enzyme sites i n insects 
such as Ca l l i pho ra where u r ine sec re t ion i s said to be 
ouabain i n sens i t i ve . 
+ + 
The invo lvement of the Na - K ATPase 
i n ' u r i n e ' p roduc t ion i s f u r t h e r imp l i ca t ed by the e f f e c t of 
ouabain (10"^M) on the N a + and K + content of the u r i n e . The 
app l ica t ion of ouabain e f fec ted an increase i n the N a + r a t i o of 
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the u r i n e . Severa l w o r k e r s have noted changes i n N a + and 
K. ^ leve ls as a r e su l t of ouabain i n h i b i t i o n , one of the most 
d r a m a t i c r e su l t s was recorded by A R C H I B A L D and W H I T E 
-3 
(1974) who showed that ouabain (10~ M) produced a complete 
r e v e r s a l of the N a + and K + content of synaptosomes of r a t 
b r a i n . Studies on insect t issue are somewhat l i m i t e d 
although O 'RIORDAN (1969) w o r k i n g on cockroach midgut 
showed a 55/o i n h i b i t i o n of N a T e f f l u x and 40'% i n h i b i t i o n of 
+ . . - 6 K ou t f lux wi th ouabain concentra t ions between 10 to 
1 0 ~ 3 M . T R E H E R N E (1966) using insect nerve found that 
approx imate ly 50% of the N a + e f f l u x was blocked by 
ouabain at threshold l eve l s of 10~^M f o r Per ip lane ta and 
- 4 
10 M f o r Caraus ius . In v ivo exper iments c a r r i e d out 
by WEBER VON G R O T T H U S et a l . (1974) i n j e c t i n g 0 .001ml 
of 2 x 10" ouabain into the body cav i ty of Drosophi la showed 
s ign i f i can t changes i n the Na and K concent ra t ion of the 
haemolymph . In cont ras t FARQUHARSON (1973b) found no 
change i n the N a ' and K + l eve l s i n the u r ine of G l o m e r i s i n 
response to ouabain despite the fac t that sec re t ion was 
i n h i b i t e d . 
There were no observed u l t r a s t r u c t u r a l 
d i f f e r ences r e su l t i ng f r o m t rea t ing Locus ta tubules w i t h 
-3 
10 M ouabain, even when they had been induced to secrete 
v e r y r a p i d l y i n d i lu te Ringer s o l u t i o n . The only other study 
on the e f fec t s of ouabain on insect tubules i s that of WEBER 
VON GROTTHUS et a l . (1974) using l i gh t mic roscope 
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on ly . They observed a d i l a t i o n of the Malp ighian tubules of 
Drosoph i la a f t e r ouabain had been in jec ted into the 
haemocoele; i n some cases th is was fo l lowed by a col lapse 
of the d i s t a l tubules . Much more i n f o r m a t i o n on the e f f ec t s 
of ouabain on e x c r e t o r y ep i the l ium has been obtained using 
ver tebra te t i s sue , f o r example A M A K A W A and M I Z U H I R A 
(1966) c a r r i e d out t r a n s m i s s i o n e l ec t ron m i c r o s c o p i c a l 
s tudies on kidney tubules and found that ouabain had no 
e f f ec t on the p r o x i m a l tubules . Other w o r k e r s , however , 
r e p o r t changes i n f ine s t ruc tu re associated wi th ouabain 
t r ea tmen t . D I A M O N D and T O R M A Y (1966) and T O R M A Y 
and D I A M O N D (1967) using r abb i t ga l l b ladder have shown a 
reduc t ion of the i n t e r c e l l u l a r spaces f r o m a mean value of 
0 .88 | im i n n o r m a l l y secre t ing t issue to 0 .02 | im i n ouabain 
t reated t i s sue . W A L T O N .(1974) observed that the p lasma 
membranes of ouabain treated kidney and l i v e r ce l l s 
became highly i r r e g u l a r w i th long whor led m i c r o v i l l i and 
also that an accumula t ion of dense c a l c i u m phosphate granules 
occured i n the m i t o c h o n d r i a . Ce r t a in ly no such d i f f e r ence 
could be establ ished f r o m the Malp igh ian tubules of 
Locusta examined i n th is s tudy. 
The ra te of f l u i d sec re t ion by the 
Malp igh ian tubules of Locusta was affected by the osmot ic 
concent ra t ion of the med ia . Sec re t ion was rap id i n Ringer 
so lu t ion of low osmot ic p re s su re , (provided s u f f i c i e n t ions 
were avai lable) and was slow i n high osmot ic concent ra t ion 
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so lu t ions . Th i s e f f ec t has been commonly recorded in 
insect studies eg . f o r Ca l l i pho ra (BERRIDGE, 1968). 
Rhodnius ( M A D D R E L L , 1969), T ipu la paludosa (COAST, 1969); 
Sch is tocerca ( M A D D R E L L and K L U N S U W A N , 1973); 
Glossina (GEE, 1975). 
The u r ine of Locusta i s hyper tonic to 
the bathing medium by a mean amount of 2 2 . 9 m Osmoles 
( A 0 . 0 4 4 ° C ) . S i m i l a r r e su l t s have been shown by other 
w o r k e r s . (BERRIDGE , 1968) w o r k i n g w i t h Ca l l i pho ra found 
that the u r ine was hyper tonic to the bathing medium by 
Zi> 0 . 0 6 6 ° C (approx imate ly 38m Osmoles ) . S i m i l a r l y 
M A D D R E L L (1969) found a s l igh t ur ine hype r ton ic i ty i n 
Rhodnius ( A 0. 01 -0 . 0 1 5 ° C ) . Measurements obtained by 
d i r e c t cannulat ion of the hindgut of Schis tocerca g r e g a r i a 
( P H I L I P S , 1964) show a mean ur ine osmot ic p ressure of 
A 0 . 7 8 ° C (425m Osmoles ) and a mean haemolymph 
osmot ic pressure of A 0 . 7 4 ° C (40 /m Osmoles ) . Th i s 
d i f f e r e n c e of 24m Osmoles i s v e r y s i m i l a r to the i n v i t r o 
value of 22 .9m Osmoles obtained i n Locusta i n the present 
s tudy. Some insec t s such as Caraus ius ( R A M S A Y , 1954) 
and Dysdercus ( B E R R I D G E , 1965) produce a s l i g h t l y 
hypotonic u r i n e . The m a j o r i t y , however , appear to 
resemble Locusta . 
F r o m the two observat ions that the f l u i d 
secre ted by the Malp igh ian tubules i s always s l i g h t l y 
hyperosmot ic to the bathing f l u i d over a wide range of 
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osmot ic concent ra t ions , and that the rate of f l u i d secre t ion i s 
i n v e r s e l y re la ted to the osmot ic concentration i n the bathing 
m e d i u m , M A D D R E L L (1972) concluded that the rate of 
solute t r anspor t i s unaffected by the osmot ic concent ra t ion , 
and a l l that a l t e r s i s the rate at which water crosses the 
tubule w a l l . Th i s would seem a l i k e l y explanat ion provided 
the leve ls of K + a n d N a ' are s u f f i c i e n t l y high i n the low 
osmot ic p ressure solut ions to enable act ive t r anspor t to 
func t ion e f f i c i e n t l y . In the case of Locusta the lack of ions 
proved rate l i m i t i n g i n Ringer of 10% ' n o r m a l ' osmot ic 
s t r eng th . 
The above explanat ion of va r i ab le water 
f l ow compl ies w i t h the s t r u c t u r a l changes observed when 
the Malp ighian tubules of Locus ta were soaked i n hypotonic 
Ringer so lu t ion (25°/o ' n o r m a l ' ) i n which they were work ing 
at m a x i m u m r a t e . The increased size of the e x t r a c e l l u l a r . 
spaces i n the basal bo rde r c l e a r l y suggest la rge increases 
i n the amount of water being moved in to these spaces as a 
r e su l t of ac t ive solute t r an s po r t . BERRIDGE (1968) 
observed that Ca l l iphora tubules i n hypotonic medium were 
cons iderably swol len suggesting a s i m i l a r increase i n water 
uptake. BERRIDGE and GUPTA (1967) c a r r i e d out e l ec t ron 
m i c r o s c o p i c a l studies of the r ec t a l papi l lae of Ca l l i phora 
which had been in jec ted wi th hypotonic s o l u t i o n . If the 
t issues were f i x e d 15-30 minutes a f t e r i n j e c t i o n the 
i n t e r c e l l u l a r spaces were m a x i m a l l y d i la ted throughout the 
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cel ls . Using gall bladder TORMAY and DIAMON (1967) 
were able to show that tissue in isotonic medium had 
intercel lular spaces of 0.88|im mean diameter, this was 
reduced to 0.17|jm in a hypertonic medium. However, 
OSCHMAN and BERRIDGE (1970) did not observe any 
structural changes in the basal membrane of Calliphora 
sal ivary gland when the tissue was stimulated with 5HT and 
the secretion rate had increased 60 f o l d . This clearly poses 
the question as to whether the observed dilation in 25 ?o 
Ringer solution was in fact due to osmotic disruption of 
the tissue and not a result of increased active transport . 
If this is so i t would certainly account f o r the effect of 25% 
Ringer solution being ouabain insensitive. 
The rate of f lu id production by the 
Malpighian tubules increased with increasing temperature 
up to a maximum rate which occured around 40°C . This 
result is s imi la r to that of MADDRELL (1964) fo r 
Rhodnius tubules. The Arrhenius (j. plot produced f r o m the 
secretion results showed no break at 21°C as was found 
+ 4-
with the Na- K ATPase enzyme (Chapter 4), and yet the 
Arrhenius \i value f o r secretion of 58.3 K joules closely 
resembles the 58.9 K joules recorded fo r the enzyme at 
temperatures above 21°C . These results pose an 
interesting question as to the relationship between the 
N a - K + ATPase enzyme and f lu id transport . It would seem 
that at low temperatures the Na- K + ATPase is relatively 
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inactive but this is not reflected in a proportional 
decrease in f lu id transport. This may be due to the fact 
that at low temperatures, the secretion rate is slow and 
sufficient K + can diffuse to the cipical surface to supply the 
proposed electrgenic pump. Certainly the secretion rate 
below 21°C of 23% of the rate at 30°C is s imi la r to the 
reduction in rate recorded in the presence of ouabain. If 
BERRIDGE (1967) is correct in suggesting that the rate of 
urine formation depends on the rate at which K + can be 
presented to the second (electrogenic K + ) pump ', the rate 
of the Na- K ATPase enzyme plus the proportion i t 
contributed to the total K + flow would be c r i t i ca l in 
secretion characteristics related to temperatures. Over 
the normal temperature range encountered by the locust 
(above 21°C) there is a distinct s imi l a r i t y between the 
Arrhenius \i values fo r the Na* K + ATPase (58.9 K joules) 
and fluid secretion (58.3 K joules) this strongly suggests 
that at these temperatures Na- K + ATPase action is 
intimately linked with f lu id secretion. An interesting 
experiment would have been to test the inhibitory effect of 
ouabain on f lu id secretion at temperatures below 21 ° C , in 
+ + 
order to monitor to what extent the N a - K ATPase is 
involved in f lu id secretion at low temperatures. 
Cyclic AMP is- a very effective stimulant 
of f lu id secretion by the tubules of Locusta with a 
threshold f o r stimulation between 10 - ^ and 3xlO~^M and 
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maximum stimulation at 10~ M . This is s imi la r to the 
results observed in Schistocerca (MADDRELL and 
KLUNSUWAN, 1973) where maximum stimulation occured 
at 5 x l O ~ 3 M . MADDRELL et al. (1971) showed stimulation 
with tubules f r o m Carausius and Rhodnius at thresholds of 
l x l 0 ~ 4 M and 4 x l O " 5 M respectively, and GEE (1976) 
observed an increase at a threshold of 3xlO~^M. It has also 
been shown that Calliphora salivary glands respond in a 
s imi la r fash ion with 10~ 3 cyclic AMP (BERRIDGE and PATEL 
1968, BERRIDGE, 1970). The levels of cyclic AMP 
required to produce s t imulat ion in a l l cases are very high 
when compared to the in t ra-cel lu lar levels which are 
generally between 10~ 8 and 10~ 5 M. (HENION et al , 1967). 
BERRIDGE (1970) suggests this is probably due to the low 
permeability of the basal membrane to this negatively 
charged molecule. 
As cyclic AMP is generally accepted as 
a "2nd. messenger" in hormone action (reviews PASTAN 
and PERLMAN, 1971; ROBISON et al. 1968; BERRIDGE, 
1975) i t would seem l ikely that f lu id secretion by the 
Malpighian tubules is under horm.onal control . 
The presence of a diuret ic hormone 
which affects tubule secretion has been clearly 
demonstrated in Locusta by CAZAL and GIRARDIE (1968) 
and MORDUE (1970). The diuret ic factor is thought to be 
produced by the pars intercerebral is , and is stored in the 
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storage lobes of the corpora cardiaca. The release of the 
hormone is thought to be a result of feeding and MORDUE 
(1972) suggests that i t acts by increasing the intracel lular 
levels of cyclic A M P . This has subsequently been shown to 
occur in Rhodnius (ASTON, 1975). An antidiuretic ho rmone 
has also been identified in Locusta (MORDUE, 1970, 1972) 
but this only affects the rectal sac. Diuretic hormones 
have been identified in many other insects such as 
Rhodnius (MADDRELL, 1963, 1964), Dysdercus (BERRIDGE, 
1966), SchistocercaUHIGHNAM et a l . 1965; MORDUE, 1969), 
Carausius (PILCHER, 1970a and b) and Glossina.(GEE, 1975). 
In Rhodnius and Carausius the action of 
diuretic hormone can be mimicked by 5HT in low 
concentrations (MADDRELL et al , 1969, 1971). This 
effect has also been seen with Calliphora salivary glands 
(BERRIDGE and PATEL , 1968; BERRIDGE, 1970; BERRIDGE 
and PRINCE, 1972). It was, perhaps, surprising that 5HT 
produced no effect on tubule secretion by Locusta tubules. 
However, this was also found to be the case with 
Schistocerca (MADDRELL and KLUNSUWAN, 1973) and 
the p i l l millipede Glomeris (FARQUHARSON 1973a). It 
would seem therefore, that 5"HT is not suff icient ly 
analagous to the diuretic hormone of these insects to mimic 
its action. 
BERRIDGE (1975) suggests a model f o r the 
stimulation of salivary gland secretion by 5HT acting via 
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cyclic AMP (see F i g . 6:14). This may be analagous to the 
situation with Malpighian tubule st imulation. Cyclic AMP is 
thought to have two functions: i t d i rect ly stimulates the ion 
pump (electrogenic) on the apical surface and also promotes 
2+ 
Ca release which is thought to increase the membrane 
permeability to Cl~ ions. As a result of cyclic AMP activi ty, 
therefore, ion and water flow is greatly increased. The actual 
method of stimulation of the ion pump is unknown. 
In the present study biochemical experiments 
were carr ied out on the microsomal preparation of Locusta 
hindgut and Malpighian tubules (using the methods outlined in 
Chapter 4) to see i f any direct links could be observed 
between cyclic AMP and Na- K + ATPase enzyme. (Results 
shown in Appendix 6:5). The results fai led to show any 
-7 -3 
stimulation at concentrations between 10 and 10" M . This 
result might agree wi th the suggestion of PRINCE (1976) that 
cyclic AMP acts on the electrogenic pump on the apical 
+ + 
membrane, and not on the Na- K ATPase enzyme. 
The results of this chapter taken as a whole ' 
clearl y implicate the involvement of the ouabain sensitive 
+ + 
Na - K ATPase enzyme in f lu id production by the Malpighian 
tubules of Locusta migratoria. Potassium would appear to 
be the "prime mover" in water f low, but N a + i s also required 
f o r the ATPase enzyme pump. The stimulation of secretion by 
cyclic AMP might be taken as an indication of i ts involvement 
as a '2nd. messenger' in the hormonal control of diuresis . 
1 4 4 
FIG. 6:14 
Model proposed by BERRIDGE (1975) to 
explain stimulation of secretion by Calliphora salivary gland 
using 5-HT. The model demonstrates the proposed dual effect 
of cyclic AMP : to d i rect ly stimulate transport, and also 
to effect the calcium level which in turn produces an increase 
in Cl~ transport across the c e l l . 














Relationship between Na - K ATPase activity and the t rans-wall 
potential across isolated Malpighian tubules of Locusta 
In any mul t i - ion system in which concentration 
gradients exist across selectively permeable membranes, the 
equations of DONNAN and NERNST are applicable. The 
NERNST equation may be expressed as follows :-
E = RT log ion activity side A 
zF ion activity side B 
Where E = P . D . in volts, R = the gas constant, T = temperature 
in absolute units, F = the Faraday number and z = valency. In 
general ion activity can be taken to be equal to the ion 
concentration at either side of the membrane. Thus i t is 
possible to estimate the theoretical potential difference across 
a membrane which would result i f the membrane was selectively 
permeable to a single ion, given the concentration of that ion on 
either side of the membrane. In situations involving more than 
one ion the selective permeabili ty of the membrane to the 
separate ions may affect the potential, and so f o r s t r ic t accuracy 
the constant f ie ld equation proposed by GOLDMAN (1943) and 
HODGKIN and KATZ (1949) which is a modification of NERNST 
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should be applied. For example when considering both Na and 
K + the equation is as fo l lows:-
LK+J LN a +J log E=RT out + p out 
zF 
p T K + > n n - p r N a + ] in 
Where p is the permeability coefficient fo r each ion . In the 
present study, however, permeability measurements were not 
carr ied out, and consequently the NERNST equation has been 
applied. Any deviation of potential f r o m the predicted NERNST 
value may be taken as indici t ive of either active transport of 
an ion across the membrane, or alternatively of membrane 
permeabili ty to more than one ion species. 
USSING and ZERAHN (1951) and KOEFOED -
JOHNSON and USSING (1958) were able to demonstrate with 
f rog skin that the'buter" membrane was selectively permeable 
to N a + , and behaved as a " sodium electrode" with a potential 
close to the NERNST value. Selective K + permeability has 
been demonstrated across the midgut epithelia of the s i l kworm, 
Hyalophora cecropia (HASKELL et al . , 1965; ZERAHN, 1971; 
HARVEY and ZERAHN, 1971; WOOD and HARVEY, 1975 and 
HARVEY et al . , 1975). 
Trans-wall potentials have been measured across 
many tissues f r o m a variety of insects. These include the 
intestine of the cockroach, Byrostr ia fumigata (DATTA 1971, 
et al . , 1969) and Schistocerca (HIERRA et a l . , 1976); the 
1 4 7 
salivary glands of Calliphora (BERRIDGE and PRINCE, 1972a; 
BERRIDGE et a l . , 1975; 197b); and numerous studies on 
Malpighian tubules in a variety of insects (RAMSAY, 1953; 
COAST, 1969; IRVINE, 1969; PILCHER, 1970b; MADDRELL, 
1971; MADDRELL and KLUNSUWAN, 1973), values recorded 
by these workers are indicated in Table 7 :1 . 
RAMSAY (1953) demonstrated that a l l the values 
obtained in his studies irrespective of charge, did not obey 
the NERNST equation fo r K + . On this basis he proposed that 
+ . 
active transport of K was taking place across the Malpighian 
tubules of these insects. However, PILCHER (1970b) and 
MADDRELL (197.1.) working with Carausius and Rhodnius 
respectively have shown that fo r a 10-foid increase in in 
the bathing medium the recorded increase in t rans-wall 
potential was close to the value of 58mV predicted by NERNST 
Whilst this is not the only interpretation of these results this 
has been taken to indicate that the basal cell membrane of 
+ + 
these insects is more permeable to K than Na suggesting 
that may enter the cel l passively. No attempt has been 
made to solve the apparent disagreement with RAMSAY'S 
calculations with the same insect species. 
In the present study i t has been shown that K + i s 
transported against a concentration gradient f r o m the haemolym 
to the lumen by the Malpighian tubules of Locusta migratoria 
(Chapter 6). The electrophysiological work was, therefore, 
carried out to measure the trans-wall potential of the 
1 4 8 
TABLE 7:1 
Trans-wall potential across the Malpighian tubules of 
a varitey of insects 
Reference Year Insect Potential with respect to the 
haemolymph (mV) 














COAST 1969 Tipula + 32 
IRVINE 1969 Calpodes + 25 
PILCHER 1970 
(b) 
Carausius + 64 to -20 
MADDRELL 1971 Rhodnius _ 30 
MADDRELL and 
KLUNSUWAN, 
1973 Schistocerca + 16.6 
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Malpighian tubules, to show how this was affected by varying 
the composition of the bathing medium, and to determine how 
closely the trans-wall potential obeyed the NERNST equation. 
Materials and Methods 
Sexually mature locusts of both sexes were used 
throughout. The experimental chamber (see Chapter 6) was 
modified to enable the electrical potential across actively 
secreting tubules to be measured (F ig . 7:2). Individual 
tubules were arranged in the manner described previously. 
When i t had been established that a tubule was actively 
secreting , that part of the tubule which had been severed 
was lowered into one of the f lu id f i l l ed cavities adjacent to 
the pegs (Fig . 7:2Y). Since the lumen of the tubule was now 
electr ical ly continuous with the solution in cavity Y, the 
potential difference could be measured across i ts wa l l , by 
placing one electrode in cavity Y and the other in cavity X 
(Fig . 7:2). 
The potential was measured using calomel 
electrodes connected to 3M KC1 via KCl /Agar bridges. 
A high imput impedance dif ferent ia l ampl i f ie r with a gain of 
lOx was used. This incorporated a zero back-off fac i l i ty and 
a voltage calibrator was used in the imput c i rcu i t of the 
ampl i f i e r . Trans-wal l potentials were recorded by placing 
the non-inverting electrode in contact with the lumen ( i . e . 
in Y. F ig . 7:2) and the inverting (reference) electrode 
1 5 0 
FIG. 7:1 
Diagram of c i rcui t used to measure the 
trans-wall potential across individual Malpighian tubules. 
AB= agar bridge; CE= calomel electrode; cal= calibrator; 
Amp=Amplif ier ; pen= pen recorder. X and Y represent the 
two chambers containing the gut, and an individual severed 
tubule respectively. 
FIG. 7:2 
Modified chamber used to measure the 
trans-wall potential across individual Malpighian tubules. 
The method is outlined in the text. The arrows indicate 
the flow of Ringer solution when the bathing medium 
surrounding the gut preparation is changed. 
1 5 1 
xlO pen 
c a l . 
AB AB 






on the outside of the tubule ( i . e . in X F i g . 7:2). The in i t ia l 
potential was adjusted to zero with the electrodes in the same 
Ringer pool. (The c i rcui t diagram is shown in F i g . 7:1). 
Ini t ial ly the potential across a tubule wall was measured with 
the gut surrounded by 'normal 1 Ringer solution. Continuous 
recordings were taken for 15 minutes to ensure that the 
potential was stable. The 'normal ' Ringer solution surrounding 
the gut was then careful ly changed fo r an experimental solution 
using two glass pipettes which were attached to the dish (F ig . 7: 2). 
The trans-wall potential was then recorded continuously fo r the 
next 50 minutes. Control experiments were also carried out in 
which the procedure was exactly the same except that 'normal ' 
Ringer solution was used throughout. In some cases i t was 
possible to record f r o m more than one tubule in any experimental 
run by altering the positions of the agar bridges at timed 
intervals thus monitoring the potentials of several tubules 
successively. 
Results 
When the .Malpighian tubules were set up in 'normal ' 
Ringer solution the lumen was found to be 10.8 + 2.1mV 
positive with respect to the haemolymph (n=74). The potentials 
would generally remain stable fo r 2-3hours provided the Ringer 
solution surrounding the gut was changed regularly (approximately 
every 15 minutes). Experimental Ringer solutions were also 
1 5 2 
renewed with the same regularity to maintain direct ly comparable 
conditions. 
1. The effect of ouabain on the t rans-wall potential 
When 'normal ' Ringer solution was replaced by Ringer 
_3 
solution containing 10 M ouabain the potential decreased and 
eventually the lumen became negative with respect to the bathing 
medium. The average time fo r the maximal effect was 15.2 + 
1.9 minutes. In some cases there was a slight overshoot of 1 
or 2mV after which a stable level was reached (F ig . 7:3). The 
potential obtained in the presence of ouabain was i r revers ib le on 
return to 'normal ' Ringer solution. The mean results of these 
experiments are shown in Table 7:2, and the application of paired 
' t ' tests to the data fo r the in i t ia l and f ina l potentials showed 
that the ouabain effect was highly significant (P< 0.001). 
2. The effect of cyclic AMP on the t rans-wall potential of the 
Malpighian tubules. 
_3 
10 M cyclic AMP, in the Ringer solution effected 
an increase in lumen positivity with respect to the bathing 
medium by 5.3 + l . l m V . The effect of cyclic AMP was 
gradual taking a mean time of 15.9 + 2 .1 minutes to establish 
a stable potential, but once established, the potential remained 
at the higher level fo r the 50 minute period during which 
recording was carr ied out. Several of the tubules developed 
regular oscillations in potential of l - 2 m V amplitude and of 





































































































F I G . 7:3 
- 3 A t y p i c a l e x a m p l e of the e f f e c t o f 10 M 
o u a b a i n on the t r a n s - w a l l p o t e n t i a l of a M a l p i g h i a n t u b u l e 
( • ) . The b l a c k a r r o w i n d i c a t e s the p o i n t of i n t r o d u c t i o n 
o f R i n g e r s o l u t i o n c o n t a i n i n g o u a b a i n . A t y p i c a l e x a m p l e o f 
a c o n t r o l e x p e r i m e n t (x ) w h e r e n o r m a l R i n g e r s o l u t i o n i s 
u s e d t h r o u g h o u t i s a l s o s h o w n . A r r o w i n d i c a t e s p o i n t o f 
change of R i n g e r s o l u t i o n . 
O r d i n a t e : t r a n s - w a l l p o t e n t i a l ( m V ) 
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F I G . 7:4 
A t y p i c a l e x a m p l e of the e f f e c t of c y c l i c A M P 
on the t r a n s - w a l l p o t e n t i a l o f a M a l p i g h i a n t u b u l e . The b l a c k 
a r r o w s i n d i c a t e the p o i n t of i n t r o d u c t i o n of R i n g e r s o l u t i o n 
c o n t a i n i n g c y c l i c A M P , and a l s o the r e t u r n to ' n o r m a l ' 
R i n g e r s o l u t i o n ( N ) . 
O r d i n a t e : t r a n s - w a l l p o t e n t i a l ( m V ) . 
















A U J 
a p p r o x i m a t e l y a 30 s econd p e r i o d when t r e a t e d w i t h c y c l i c A M P . 
T a b l e 7:3 s h o w s the m e a n r e s u l t s of 14 e x p e r i m e n t s , and 
a p p l i c a t i o n of p a i r e d ' t ' t e s t s i n d i c a t e d tha t the e f f e c t o f c y c l i c 
A M P was s i g n i f i c a n t (P < 0 . 0 1 ) . On the r e t u r n to ' n o r m a l ' 
R i n g e r s o l u t i o n the p o t e n t i a l s h o w e d a s u b s t a n t i a l r e t u r n to 
the u n s t i m u l a t e d l e v e l w i t h i n 5 m i n u t e s (see F i g . 7 : 4 ) . 
3 . The e f f e c t of N a + and K on the t r a n s - w a l l p o t e n t i a l of the 
M a l p i g h i a n t u b u l e s 
In a f u r t h e r s e r i e s of e x p e r i m e n t s , the t r a n s - w a l l 
p o t e n t i a l s a c r o s s the M a l p i g h i a n t u b u l e s , ba thed i n ' n o r m a l ' 
R i n g e r s o l u t i o n , w e r e c o m p a r e d to those o b t a i n e d w i t h R i n g e r 
+ + 
s o l u t i o n s o f v a r y i n g N a and K c o n c e n t r a t i o n s . T h e s u m of 
+ + 
the Na and the K c o n c e n t r a t i o n s used w a s m a i n t a i n e d at 1 4 0 m M . 
+ + 
T h e r e s u l t s t o g e t h e r w i t h the v a r i o u s Na and K c o n c e n t r a t i o n s 
u s e d , c a n be seen i n T a b l e 7 :4 . 
In the absence of K , the t r a n s - w a l l p o t e n t i a l of the 
t u b u l e s f e l l r a p i d l y , and w i t h i n 2 - 3 m i n u t e s the l u m e n b e c a m e 
n e g a t i v e w i t h r e s p e c t to the b a t h i n g m e d i u m . W h e n the K + 
c o n c e n t r a t i o n i n the R i n g e r s o l u t i o n w a s i n c r e a s e d above tha t 
of n o r m a l R i n g e r s o l u t i o n ( 8 . 6 m M ) , the l u m e n p o s i t i v i t y 
i n c r e a s e d . The r e l a t i o n s h i p b e t w e e n the e x t e r n a l K+ c o n c e n t r a t i o n 
and the i n c r e a s e i n p o s i t i v i t y of the t u b u l e l u m e n w a s not l i n e a r 
(see F i g . 7 : 5 ) . I n c r e a s e s i n K + c o n c e n t r a t i o n above 7 0 m M d i d 
no t e f f e c t a f u r t h e r i n c r e a s e i n l u m e n p o s i t i v e l y . I n d e e d , a t 
v e r y h i g h K c o n c e n t r a t i o n ( m i n i m a l N a ) the i n c r e a s e d p o t e n t i a l 
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F I G . 7:5 
E f f e c t o f K . + c o n c e n t r a t i o n o n the t r a n s - w a l l 
p o t e n t i a l of M a l p i g h i a n t u b u l e s . T h e v e r t i c a l l i n e s 
r e p r e s e n t - l . S . E . of the m e a n . 
O r d i n a t e : m e a n d i f f e r e n c e i n the P . D . a c r o s s 
the t u b u l e s c o m p a r e d to t h a t 
r e c o r d e d f o r the s a m e t u b u l e s i n 
' n o r m a l 1 R i n g e r s o l u t i o n . 
A b s c i s s a : l o g i n K c o n c e n t r a t i o n . 
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I O O , J K + J 3-6 
D i s c u s s i o n 
The t h e o r e t i c a l t r a n s - w a l l p o t e n t i a l f o r the M a l p i g h i a n 
t u b u l e s o f L o c u s t a ba thed i n ' n o r m a l ' R i n g e r s o l u t i o n c o u l d be 
c a l c u l a t e d f o r b o t h N a + and K + i o n s b y a p p l y i n g the N E R N S T 
e q u a t i o n as 
E = - £ > O l o < ^ g c o n c e n t r a t i o n i n the b a t h i n g m e d i u m 
c o n c e n t r a t i o n i n the l u m e n 
T h e c o n c e n t r a t i o n s of Na and K"1 i o n s w e r e 
o b t a i n e d b y a t o m i c e m i s s i o n s p e c t r o s c o p y (see C h a p t e r 6) and 
a r e o u t l i n e d i n T a b l e 7:5 b e l o w . 
T A B L E 7:5 
C o n c e n t r a t i o n s o f N a ^ and K + i n the ur ine , and b a t h i n g m e d i u m ( m M ) 
B a t h i n g M e d i u m U r i n e 
7 -9 6 1 . 4 
N a + 1 3 2 . 5 1 1 0 . 0 
The r e s u l t s o b t a i n e d b y a p p l y i n g the N E R N S T 
e q u a t i o n to the above da ta a r e s h o w n i n t a b l e 7:6 w h e r e t h e y a r e 
c o m p a r e d to those o b t a i n e d b y R A M S A Y (1953) f o r L o c u s t a . 
I t can be seen f r o m T a b l e 7:6 t ha t f o r K + i n b o t h 
the p r e s e n t w o r k and tha t of R A M S A Y (1953) the r e c o r d e d 
p o t e n t i a l w a s c o n s i d e r a b l y m o r e p o s i t i v e than w o u l d be p r e d i c t e d 
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M a l p i g h i a n t u b u l e s do no t obey N E R N S T f o r K , and the 
-I-
p o t e n t i a l i s not the r e s u l t of p a s s i v e K p e r m e a b i l i t y . I t 
m a y be tha t the p o t e n t i a l r e s u l t s f r o m a c t i v e i o n p u m p i n g , o r 
i t m a y r e s u l t f r o m m e m b r a n e p e r m e a b i l i t y to a v a r i e t y of 
o t h e r i o n s . I n the case o f Na the p o t e n t i l a v a l u e o b t a i n e d 
i s c l o s e to tha t c a l c u l a t e d by N E R N S T . T h i s m i g h t s u g g e s t 
tha t the t r a n s - w a l l p o t e n t i a l i s p u r e l y the r e s u l t of s e l e c t i v e 
N a + p e r m e a b i l i t y , a l t h o u g h t h i s m a y be r u l e d ou t as the 
p o t e n t i a l does not f a l l b e l o w the l e v e l i n ' n o r m a l ' R i n g e r 
s o l u t i o n w h e n the t u b u l e i s p l a c e d i n a m e d i u m l a c k i n g N a + . 
T h e o t h e r p o s s i b i l i t y i s t ha t the r e s u l t i s p u r e l y c o i n c i d e n t a l , 
and i s p e r h a p s due to the a c t i v e p u m p i n g o f s o m e o t h e r i o n 
w h i c h r e s u l t s i n a r e d i s t r i b u t i o n of N a + i o n s s u c h t ha t t h e y 
a p p e a r to a g r e e w i t h the p o t e n t i a l p r e d i c t e d b y N E R N S T . 
S i n c e the l u m e n p o s i t i v i t y w i t h r e s p e c t to the 
b a t h i n g m e d i u m i n c r e a s e d w i t h i n c r e a s i n g K + c o n c e n t r a t i o n , 
and as the t u b u l e i s no t p a s s i v e l y p e r m e a b l e to t h i s i o n , i t 
w o u l d sugges t tha t an a c t i v e K + p u m p m a y be r e s p o n s i b l e f o r 
the p o t e n t i a l . T h i s w o u l d a p p e a r to be c o m p a t i b l e w i t h the 
o b s e r v a t i o n tha t the p o t e n t i a l d i d no t i n c r e a s e beyond 7 0 m M 
K ^ s u g g e s t i n g e i t h e r tha t the " p u m p " b e c a m e s a t u r a t e d o r t ha t 
N a + c o n c e n t r a t i o n b e c a m e r a t e l i m i t i n g . T h i s was no t o b s e r v e d 
i n C a r a u s i u s ( P I L C H E R , 1970b) o r R h o d n i u s ( M A D D R E L L , 1971) 
i n b o t h o f w h i c h the p o t e n t i a l a c r o s s the M a l p i g h i a n t u b u l e s 
i n c r e a s e d l i n e a r l y w i t h K + c o n c e n t r a t i o n i n a . m a n n e r c l o s e l y 
f o l l o w i n g the N E R N S T e q u a t i o n ( P I L C H E R , 1970b; M A D D R E L L , 
1 9 7 1 ) . I t w a s s u g g e s t e d , on t h i s b a s i s tha t the b a s a l m e m b r a n e 
w a s s e l e c t i v e l y p e r m e a b l e to K . 
162 
O u a b a i n w a s s h o w n to i n d u c e a s i g n i f i c a n t 
r e d u c t i o n i n the t r a n s - w a l l p o t e n t i a l a c r o s s L o c u s t a 
M a l p i g h i a n t u b u l e s . T h i s r e s u l t c l e a r l y s u b s t a n t i a t e s the 
s u g g e s t i o n m a d e e a r l i e r t ha t a c t i v e K + t r a n s p o r t i s a t l e a s t 
p a r t i a l l y r e s p o n s i b l e f o r the m a i n t e n a n c e o f the t r a n s - w a l l 
+ + 
p o t e n t i a l , and i n p a r t i c u l a r tha t a Na - K A T P a s e e n z y m e i s 
i n v o l v e d on at l e a s t one of the s u r f a c e s . O u a b a i n has been 
s h o w n to d e c r e a s e the p o t e n t i a l a c r o s s o t h e r t i s s u e s w h e r e 
N a H - K + A T P a s e e n z y m e s have been i m p l i c a t e d . D A T T A (1971) 
s h o w e d a 15% d e c r e a s e i n the p o t e n t i a l a c r o s s c o c k r o a c h 
i n t e s t i n e w h e n l C T ^ M o u a b a i n was a p p l i e d on the h a e m o l y m p h 
s i d e , and A U G U S T U S (1976) u s i n g r a b b i t s u b m a x i l l a r y g l a n d 
o b s e r v e d a r a p i d d e c r e a s e i n p o t e n t i a l a c r o s s the d u c t a l 
- 4 
e p i t h e l i u m f o l l o w i n g the a p p l i c a t i o n of 5 x 10 M o u a b a i n . 
S i m i l a r o b s e r v a t i o n s have b e e n made w i t h toad b l a d d e r 
( C R A B B E . e t a l . , 1974) and f r o g - s k i n ( H E R R E R A , 1965; C I V A N , 
1972; W A S L E R e t a l . . 1973 and C R A B B E and D E C O N E , 1 9 7 4 ) . 
In c o n t r a s t P I L C H E R (1970b) f o u n d tha t 1 0 " 4 M o u a b a i n had no 
e f f e c t o n the t r a n s - w a l l p o t e n t i a l of C a r a u s i u s . 
- 3 
T h e i n c r e a s e i n l u m e n p o s i t i v e l y o b s e r v e d w i t h 10 M 
c y c l i c A M P s u g g e s t s tha t i t m a y a c t by s t i m u l a t i n g c a t i o n 
t r a n s p o r t . T h i s i s c o n s i s t e n t w i t h the o b s e r v a t i o n t h a t the r a t e 
of f l u i d p r o d u c t i o n i s s t i m u l a t e d b y c y c l i c A M P ( C h a p t e r 6 ) . I n 
a d d i t i o n the t i m e f o r the change i n p o t e n t i a l to o c c u r ( 1 5 . 8 8 
m i n u t e s ) a g r e e s c l o s e l y w i t h the t i m e t a k e n f o r f l u i d p r o d u c t i o n 
to be s t i m u l a t e d . S i m i l a r i n c r e a s e s i n l u m e n p o s i t i v i t y w e r e 
163 
o b s e r v e d by B E R R I D G E ans P R I N C E (1972a and b) w i t h 
C a l l i p h o r a s a l i v a r y g l a n d s , they a l s o o b s e r v e a c o r r e s p o n d i n g 
i n c r e a s e i n f l u i d p r o d u c t i o n . In the p r e s e n t s t u d y and those of 
B E R R I D G E and P R I N C E (1972a and b) s m a l l o s c i l l a t i o n s i n 
p o t e n t i a l w e r e o b s e r v e d w i t h a p p r o x i m a t e l y h a l f the M a l p i g h i a n 
t u b u l e s . I t i s u n c e r t a i n w h y t h i s s h o u l d o c c u r a l t h o u g h i t m a y 
be c o n n e c t e d to i n c r e a s i n g c a l c i u m l e v e l s i n d u c e d by c y c l i c 
A M P ( B E R R I D G E , 1975) w h i c h m a y i n t u r n a l t e r the p e r m e a b i l i t y 
of the m e m b r a n e s to a n i o n s , and thus b r i n g abou t f l u c t u a t i o n s i n 
the p o t e n t i a l ( P R I N C E , 1 9 7 6 ) . I t i s o f i n t e r e s t t h a t the t u b u l e 
p o t e n t i a l r e m a i n e d at a h i g h l e v e l f o r 50 m i n u t e s u n t i l ' n o r m a l ' 
R i n g e r r e p l a c e d the c y c l i c A M P w h e r e a s f l u i d s e c r e t i o n w a s o n l y 
s t i m u l a t e d f o r a p e r i o d of abou t 20 m i n u t e s . 
B E R R I D G E e t a l . , (1975) have s h o w n w i t h C a l l i p h o r a 
s a l i v a r y g l a n d tha t c y c l i c . A M P s t i m u l a t e s an e l e c t r o g e n i c K + 
p u m p on the a p i c a l s u r f a c e of the m e m b r a n e , I t m a y b e , t h e r e f o r e , 
t ha t t h i s i s a l s o the case i n the l o c u s t M a l p i g h i a n t u b u l e a l t h o u g h 
t h i s canno t be p r o v e d f r o m the p r e s e n t s t u d y . I f so one m i g h t 
s u g g e s t tha t i n L o c u s t a t w o i o n ' p u m p s ' a r e r e s p o n s i b l e f o r the 
m a i n t e n a n c e of the t r a n s - w a l l p o t e n t i a l : a N a + - K ^ A T P a s e w h i c h 
i s o u a b a i n s e n s i t i v e , and an e l e c t r o g e n i c K + p u m p w h i c h i s 
s t i m u l a t e d by c y c l i c A M P . 
I t can be s een , t h e r e f o r e , t ha t a c t i v e K + t r a n s p o r t 
i s i n v o l v e d i n the m a i n t e n a n c e of the t r a n s - w a l l p o t e n t i a l a c r o s s 
the M a l p i g h i a n t u b u l e s o f L o c u s t a . A N a H - K + A T P a s e e n z y m e i s 
i n v o l v e d i n the K + p u m p i n g , and i t m a y be tha t a s e c o n d 
e l e c t r o g e n i o K + p u m p , i s a l s o i n v o l v e d . 
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D i s c u s s i o n 
A s w a s m e n t i o n e d i n the i n t r o d u c t i o n a n u m b e r of 
o b j e c t i o n s have been r a i s e d c o n c e r n i n g the i n v o l v e m e n t of a 
N a - K 1 A T P a s e e n z y m e i n f l u i d p r o d u c t i o n b y the M a l p i g h i a n 
t u b u l e s of i n s e c t s . B E R R I D G E and G U P T A (1968) have f a i l e d to 
d e m o n s t r a t e the p r e s e n c e of t h i s e n z y m e i n the M a l p i g h i a n 
t u b u l e s of C a l l i p h o r a u s i n g h i s t o c h e m i c a l o r b i o c h e m i c a l m e t h o d s . 
M A D D R E L L (1971) has sugges t ed a l s o tha t s u c h a N a / K exchange 
p u m p w o u l d not p r o d u c e a net m o v e m e n t of i o n s i n t o the c e l l and 
t h e r e f o r e w o u l d no t p r o d u c e an o s m o t i c g r a d i e n t a l o n g w h i c h 
w a t e r m o v e m e n t c o u l d o c c u r . In a d d i t i o n he quo tes the f a i l u r e of 
p r e v i o u s s t u d i e s to d e m o n s t r a t e tha t o u a b a i n i n h i b i t s f l u i d 
s e c r e t i o n by the M a l p i g h i a n t u b u l e s of s e v e r a l i n s e c t s p e c i e s 
e g . C a l l i p h o r a ( B E R R I D G E , 1968) , C a r a u s i u s ( P I L C H E R . 1970b) 
and R h o d n i u s ( M A D D R E L L , .1.969). O u a b a i n i s a s p e c i f i c 
i n h i b i t o r of the N a - K + A T P a s e e n z y m e , and the absence of any 
e f f e c t w a s t a k e n to be s t r o n g l y i n d i c i t i v e tha t the p u m p w a s not 
o f the c o n v e n t i o na l N a / K A T P a s e t y p e . 
T h r o u g h o u t the p r e s e n t s t u d y , h o w e v e r , e v i d e n c e 
has been a c c u m u l a t i n g w h i c h s t r o n g l y s u g g e s t s the i n v o l v e m e n t 
+ + 
of a N a - K A T P a s e e n z y m e i n f l u i d s e c r e t i o n by the M a l p i g h i a n 
t u b u l e s of L o c u s t a m i g r a t o r i a m i g r a t o r i o i d e s ( R + F ) . A N a - K -
A T P a s e e n z y m e was d e m o n s t r a t e d i n m i c r o s o m a l p r e p a r a t i o n s 
f r o m the M a l p i g h i a n t u b u l e s of L o c u s t a , and the p r o p e r t i e s of 
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t h i s e n z y m e c l o s e l y r e s e m b l e s those of Na - K A T P a s e s f r o m a 
v a r i e t y of o t h e r s o u r c e s ( S K O U , 1965) . T h i s b e i n g so i t i s 
r e l e v a n t to p o i n t ou t tha t the exchange of Na^ f o r K* need no t 
n e c e s s a r i l y be on a 1 : 1 b a s i s . T o r e i t e r a t e the e x a m p l e 
g i v e n p r e v i o u s l y , i n r e d b l o o d c e l l s 3Na~*~ i o n s a r e m o v e d f r o m 
the i n s i d e to the o u t s i d e , and 2K+ i o n s a r e m o v e d i n the 
o p p o s i t e d i r e c t i o n f o r each A T P s p l i t ( P O S T and S E N , 1 9 6 7 ) . 
T h i s b e i n g the case i t i s d i f f i c u l t to a c c e p t t ha t a N a + - K + A T P a s e 
w o u l d not n e c e s s a r i l y p r o d u c e a s u i t a b l e o s m o t i c g r a d i e n t . I n 
_ 3 
c o n t r a s t to o t h e r i n s e c t s , o u a b a i n a t 10 M p r o d u c e d t h r e e 
p r o n o u n c e d p h y s i o l o g i c a l e f f e c t s on the M a l p i g h i a n t u b u l e s o f 
L o c u s t a . T h e r e w a s a 35 % r e d u c t i o n i n o x y g e n up t ake b y the 
t u b u l e s s u g g e s t i n g d e c r e a s e d d e m a n d f o r A T P ; the p o t e n t i a l 
a c r o s s the t u b u l e w a l l f e l l w i t h the l u m e n b e c o m i n g i n c r e a s i n g l y 
n e g a t i v e c o m p a r e d to the b a t h i n g m e d i u m , s u g g e s t i n g a r e d u c t i o n • 
i n c a t i o n t r a n s p o r t , and f i n a l l y the r a t e o f f l u i d s e c r e t i o n b y the 
t u b u l e s w a s d e c r e a s e d c o n s i d e r a b l y . 
P o t a s s i u m w a s f o u n d t o be the m a j o r c a t i o n 
t r a n s p o r t e d a c r o s s the t u b u l e s a g a i n s t a s t r o n g c o n c e n t r a t i o n 
g r a d i e n t , and i n t h i s r e s p e c t L o c u s t a r e s e m b l e d s e v e r a l o t h e r 
i n s e c t s s t u d i e d to da t e ( R A M S A Y , 1953; B E R R I D G E , 1968; C O A S T , 
1969; P I L C H E R , 1970b; M A D D R E L L and K L U N S U W A N , 1 9 7 3 ) . I n 
L o c u s t a , h o w e v e r , m a x i m u m r a t e s o f u r i n e p r o d u c t i o n and o f 
c a t i o n t r a n s p o r t ( i n d i c a t e d b y i n c r e a s e d l u m e n p o s i t i v i t y ) c o u l d 
o n l y o c c u r i n the p r e s e n c e o f N a + as w e l l as K + ; t h i s has a l s o 
been s h o w n to be the case i n C a r a u s i u s ( P I L C H E R , 1970b) , and 
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G l o s s i n g ( G E E , 1976 ) , T h e n e c e s s i t y f o r the p r e s e n c e of b o t h 
+ + + + Na and K f u r t h e r s u b s t a n t i a t e s the e v i d e n c e f o r Na - K A T P a s e 
i n v o l v e m e n t i n f l u i d s e c r e t i o n . T h e d e c r e a s e i n the i n c r e a s e d 
t r a n s - w a l l p o t e n t i a l o b s e r v e d i n R i n g e r s ' s o l u t i o n s c o n t a i n i n g l e s s 
+ + 
than 7 0 m M Na d e s p i t e i n c r e a s e d K w o u l d a l s o a p p e a r to be 
+ + 
c o n s i s t e n t w i t h the p r o p e r t i e s of the Na - K A T P a s e e n z y m e 
w h i c h w a s s h o w n to w o r k at a m a x i m u m e f f i c i e n c y i n a m e d i u m 
c o n t a i n i n g l O O m M N a + and 2 0 m M K + . A n y r e d u c t i o n i n N a + o r 
i o n s b e l o w t h i s v a l u e r e s u l t e d i n r e d u c e d e n z y m e a c t i v i t y . 
I t w o u l d a p p e a r , t h e r e f o r e , t ha t the t r a n s - w a l l p o t e n t i a l r e f l e c t s 
N a + - K + A T P a s e a c t i v i t y . 
A n a p p a r e n t a n o m a l o u s r e s u l t w a s tha t a v e r y h i g h 
r a t e of u r i n e p r o d u c t i o n w a s o b s e r v e d i n t u b u l e s ba thed w i t h 259° 
R i n g e r s o l u t i o n ( a p p r o x i m a t e l y 2 m M K : 3 7 m M Na ) . O n the 
b a s i s of the p r o p e r t i e s of the N a + - K + A T P a s e , the e n z y m e s h o u l d 
have d i s p l a y e d v e r y l o w a c t i v i t y u n d e r these i o n i c c o n d i t i o n s , and 
ye t f l u i d s e c r e t i o n w a s s t i m u l a t e d when c o m p a r e d to the r a t e i n 
' n o r m a l ' R i n g e r s o l u t i o n . E l e c t r o n m i c r o s c o p i a l s t u d i e s r e v e a l e d 
t ha t i n 25 ft R i n g e r the e x t r a c e l l u l a r s p a c e s b e t w e e n the i n f o l d i n g s 
o f the b a s a l c e l l m e m b r a n e s w e r e c o n s i d e r a b l y d i l a t e d . I n 
a d d i t i o n t u b u l e s soaked i n 25 l fa R i n g e r s o l u t i o n s h o w e d s o m e 
d i s r u p t i o n of c e l l u l a r i n t e g r i t y , and i t w o u l d a p p e a r l i k e l y t ha t 
t h i s i n c r e a s e d f l u i d p r o d u c t i o n w a s a r e s u l t of o s m o t i c f o r c e s 
d r a w i n g w a t e r f r o m the v e r y d i l u t e R i n g e r s o l u t i o n i n t o the 
c y t o p l a s m , and then i n t o the l u m e n . One m u s t c o n c l u d e , t h e r e f o r e , 
t h a t t h i s i n c r e a s e i n f l u i d s e c r e t i o n w a s no t ' n o r m a l ' , and w a s i n f a c t 
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i n d e p e n d e n t of Na - K A T P a s e a c t i v i t y . T o check, t ha t t h i s w a s i n 
f a c t the case one m i g h t t es t the e f f e c t of o u a b a i n on the r a t e of 
f l u i d p r o d u c t i o n i n 25 % R i n g e r s o l u t i o n to d e t e r m i n e to w h a t 
e x t e n t the N a - K + A T P a s e p u m p was i n v o l v e d i n . ' -ma in ta i n i ng the 
f l u i d s e c r e t i o n u n d e r these c o n d i t i o n s . 
T h e t r a n s - w a l l p o t e n t i a l w a s s h o w n to i n c r e a s e i n 
l u m e n p o s i t i v i t y i n r e l a t i o n to the h a e m o l y m p h w i t h i n c r e a s i n g 
K ' c o n c e n t r a t i o n s up to 7 0 m M N a + : 7 0 m M I < + b e y o n d w h i c h i t 
d e c r e a s e d . A p p l i c a t i o n of the N e r n s t e q u a t i o n by p l o t t i n g 
l o g j - K Q " ^ | / ( w h e r e K = j ^ K " , " ^ j i n the b a t h i n g m e d i u m and 
K j = | ~ l K + J i n the u r i n e r e c o r d e d by e m i s s i o n s p e c t r o s c o p y 
C h a p t e r 6) a g a i n s t the t r a n s - w a l l p o t e n t i a l , s h o w s a n o n - l i n e a r 
r e l a t i o n s h i p ( F i g . 8 : 1 ) . A n a t t e m p t to p l a c e a s t r a i g h t l i n e by 
r e g r e s s i o n a n a l y s i s t h r o u g h the f i r s t f o u r p o i n t s y i e l d e d a s l o p e 
of 2 2 . 6 4 - 4 . 1 3 m V f o r a t e n f o l d change i n [j^ 0^ J • C l e a r l y t h i s 
r e s u l t d i f f e r s f r o m the va lue of 5 8 m V p r e d i c t e d by N e r n s t and 
s u g g e s t s e i t h e r t ha t K + e n t e r s by a c t i v e t r a n s p o r t , o r tha t the 
m e m b r a n e i s p e r m e a b l e to m o r e than one i o n . T a k e n w i t h the 
o t h e r e v i d e n c e i t w o u l d s e e m l i k e l y t ha t the d e v i a t i o n f r o m 
+ + 4-
N e r n s t i s b e c a u s e K i o n s a r e a c t i v e l y p u m p e d by a N a - K A T P -
ase e n z y m e s i t u a t e d on at l e a s t one s u r f a c e of the t u b u l e . In 
c o n t r a s t P I L C H E R (1970b) w o r k i n g w i t h C a r a u s i u s r e p o r t e d 
N e r n s t s l o p e v a l u e s n e a r to the p r e d i c t e d 5 8 m V . W h i l s t t h i s i s 
no t the o n l y i n t e r p r e t a t i o n of these r e s u l t s t h i s has been t a k e n 
to i n d i c a t e tha t the b a s a l c e l l m e m b r a n e of the t u b u l e s i s m o r e 
+ + • + p e r m e a b l e to K t han Na . T h u s s u g g e s t i n g tha t p a s s i v e K 
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F I G . 8 : 1 
T h e r e l a t i o n s h i p b e t w e e n the t r a n s - w a l l 
p o t e n t i a l o f M a l p i g h i a n t u b u l e s , and the r a t i o of e x t e r n a l 
to i n t e r n a l K + c o n c e n t r a t i o n . T h e v e r t i c a l l i n e s 
r e p r e s e n t - l . S . E . of the m e a n . 
O r d i n a t e : m e a n d i f f e r e n c e i n P . D . a c r o s s 
the t u b u l e s when c o m p a r e d to t ha t 
r e c o r d e d f o r the s a m e t u b u l e s i n 
' n o r m a l ' R i n g e r s o l u t i o n . 
A b s c i s s a : 
e x t e r n a l K c o n c e n t r a t i o n ( R i n g e r s o l u t i o n ) 
l o g i o : 7Z+ i n t e r n a l K c o n c e n t r a t i o n ( u r i n e ) . 
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p e r m e a b i l i t y i s an i m p o r t a n t f a c t o r i n the m a i n t e n a n c e of the 
t r a n s - w a l l p o t e n t i a l . H o w e v e r , a p p l i c a t i o n of r e g r e s s i o n 
a n a l y s i s to 4 of the 7 g r a p h s s h o w n by P I L C H E R (1970b) gave a 
K 
o 
and not a m e a n s l o p e o f - 3 0 . 5 6 - 3 . 0 3 f o r a t e n f o l d change i n 
• 5 8 m V change s u g g e s t e d by P I L C H E R . F o u r c u r v e s w e r e 
e m p l o y e d r a t h e r t han a l l s e v e n because l e s s t han 4 p o i n t s w e r e 
a v a i l a b l e f o r the r e m a i n i n g t h r e e . I t s e e m s , t h e r e f o r e , t ha t the 
4 
s t a t e m e n t tha t the s l o p e s o b t a i n e d a r e " s i m i l a r •'to tha t p r e d i c t e d 
b y the N e r n s t e q u a t i o n f o r a p o t a s s i u m d i f f u s i o n p o t e n t i a l " i s 
p e r h a p s u n r e a l i s t i c , and tha t the b a s a l m e m b r a n e d o e s not i n 
f a c t , obey the N e r n s t e q u a t i o n s . C e r t a i n l y t h i s i n t e r p r e t a t i o n i s 
m o r e i n l i n e w i t h the f i n d i n g s of R A M S A Y (1953) and i n d e e d of 
P I L C H E R h e r s e l f w h e n the r e c o r d e d p o t e n t i a l s a r e c o m p a r e d to 
those p r e d i c t e d by N e r n s t c a l c u l a t e d b y the f o r m u l a 
c o n c e n t r a t i o n i n the b a t h i n g m e d i u m 
E = - 5 8 l o g 10 — 
c o n c e n t r a t i o n | in the R i n g e r 
B o t h w o r k e r s r e p o r t p o t e n t i a l s w h i c h a r e i n f a c t m o r e p o s i t i v e 
t han the N e r n s t p r e d i c t e d v a l u e s . R A M S A Y (1953) i n t e r p r e t s 
t h i s a s b e i n g i n d i c i t i v e of a c t i v e t r a n s p o r t . T h i s o b s e r v a t i o n 
t a k e n t o g e t h e r w i t h the f a c t tha t f l u i d s e c r e t i o n by the M a l p i g h i a n 
t u b u l e s of C a r a u s i u s i s m a x i m a l i n the p r e s e n c e of N a + as w e l l 
as K + ( P I L C H E R , 1970a) m i g h t s u g g e s t tha t a N a + s t i m u l a t e d A T P a s e 
p u m p i s a l s o o p e r a t i v e h e r e . C o n t r a d i c t o r y e v i d e n c e to t h i s 
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t h e o r y i s the f a c t t ha t o u a b a i n had no i n h i b i t o r y e f f e c t on t u b u l e 
s e c r e t i o n o r t r a n s - w a l l p o t e n t i a l i n C a r a u s i u s ( P I L C H E R , 1 9 7 0 b ) . 
T h i s m i g h t sugges t tha t an a l t e r n a t i v e a c t i v e " p u m p " i s i n 
o p e r a t i o n , and i n d e e d P I L C H E R (1970b) i n t e r p r e t s h e r r e s u l t s as 
i n d i c i t i v e of e i t h e r an e l e c t r o g e n i c K + p u m p w h i c h i s s t i m u l a t e d by 
e x t e r n a l N a + , o r t ha t a N a + s t i m u l a t e d e l e c t r i c a l l y n e u t r a l p u m p 
w o r k i n g t o g e t h e r w i t h s e l e c t i v e K + p e r m e a b i l i t y m a y p r o v i d e the 
t r a n s - w a l l p o t e n t i a l . I t i s , h o w e v e r , e q u a l l y p o s s i b l e t h a t 
o u a b a i n was not r e a c h i n g the a c t i v e s i t e i n s u f f i c i e n t q u a n t i t i e s 
to e f f e c t a change i n C a r a u s i u s , and the o t h e r s p e c i e s w h e r e 
no e f f e c t w a s o b s e r v e d . ( B E R R I D G E , 1968; M A D D R E L L , 1969 ; 
G E E , 1976 ) . C e r t a i n l y i n the p r e s e n t s t u d y the t r a n s - w a l l 
p o t e n t i a l of L o c u s t a M a l p i g h i a n t u b u l e s was no t e f f e c t e d u n t i l 
s o m e 1 5 . 9 m i n u t e s a f t e r the a p p l i c a t i o n of o u a b a i n . M o r e 
r e c e n t l y F A T H P O U R ( p e r s o n a l c o m m u n i c a t i o n ) has s h o w n tha t 
f u l l i n h i b i t i o n of L o c u s t a t u b u l e s e c r e t i o n w i l l o n l y o c c u r a f t e r 
- 3 
20 m i n u t e s s o a k i n g i n 1 0 " M o u a b a i n . 6 0 % i n h i b i t i o n o c c u r s 
a f t e r a 15 m i n u t e p e r i o d v / h c r c a s no s i g n i f i c a n t i n h i b i t i o n 
o c c u r e d w i t h i n 10 m i n u t e s . 
D e s p i t e b e i n g unab le to d e m o n s t r a t e the 
p r e s e n c e of a N a - l < ' A T P a s e e n z y m e i n C a l l i p h o r a B E R R I D G E 
(1968) f e l t tha t t h i s e n z y m e w a s e x t r e m e l y l i k e l y to be i n v o l v e d 
i n f l u i d t r a n s p o r t a c r o s s M a l p i g h i a n t u b u l e s . C o n s e q u e n t l y he 
p r o p o s e d a m o d e l f o r f l u i d t r a n s p o r t by C a l l i p h o r a M a l p i g h i a n 
t u b u l e s c o n s i s t i n g of a Na - K A T P a s e e n z y m e s i t u a t e d on the 
b a s a l s u r f a c e w h i c h s u p p l i e s K 1 to an e l e c t r o g e n i c K + p u m p on 
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the a p i c a l s u r f a c e . I t i s t e m p t i n g to s u g g e s t t ha t a s i m i l a r 
s i t u a t i o n m a y e x i s t i n the l o c u s t . F l u i d s e c r e t i o n i n L o c u s t a 
c a n s t i l l , o c c u r a l b e i t a t a m u c h r e d u c e d r a t e , i n the absence of 
N a + o r the p r e s e n c e of o u a b a i n s u g g e s t i n g tha t w h e n the 
N a - K A T P a s e i s i n h i b i t e d s u f f i c i e n t K m i g h t d i f f u s e a c r o s s 
the b a s a l m e m b r a n e to s u p p l y an a p i c a l e l e c t r o g e n i c K + p u m p . 
T h i s i n t e r p r e t a t i o n m u s t , h o w e v e r , be c o n s i d e r e d w i t h c a u t i o n 
as one canno t be c e r t a i n tha t t h e r e i s no t s u f f i c i e n t Na i n the 
+ + 
s y s t e m to enab le l o w l e v e l N a - K A T P a s e a c t i v i t y , and 
s i m i l a r l y i t canno t be p r o v e d tha t the N a * K + A T P a s e a c t i v i t y i s 
t o t a l l y i n h i b i t e d by o u a b a i n . T h e p r e s e n c e of an e l e c t r o g e n i c 
p u m p i n a d d i t i o n to a Na~t K + A T P a s e i s , h o w e v e r , s u b s t a n t i a t e d 
b y the m a r k e d s t i m u l a t i o n i n the t ubu le s e c r e t i o n o b s e r v e d i n 
3 
the p r e s e n c e of 1 0 " M c y c l i c A M P . C y c l i c A M P has been 
s h o w n by B E R R I D G E e t a l ( 1975 , 1976) to s t i m u l a t e an 
e l e c t r o g e n i c K + p u m p i n C a l l i p h o r a s a l i v a r y g l a n d . S i n c e i n the 
+ H-
p r e s e n t s t u d y c y c l i c A M P had no e f f e c t on the N a - K A T P a s e 
i n v i t r o , one m i g h t c o n c l u d e tha t i t s a c t i o n i s e l s e w h e r e . I t 
m a y w e l l be tha t the i n c r e a s e d r a t e of s e c r e t i o n o b s e r v e d i n 
L o c u s t a w a s a l s o a r e s u l t of s t i m u l a t i o n o f an e l e c t r o g e n i c K + 
p u m p . F r o m the p r e s e n t s t udy i t i s no t p o s s i b l e to s t a t e the 
p o s i t i o n o f the ' p u m p ' o r ' p u m p s ' w i t h r e s p e c t to the s u r f a c e s 
o f the t u b u l e c e l l s , h o w e v e r the e x p l a n a t i o n of B E R R I D G E (1968) 
t ha t a N a - K.' A T P a s e l i e s on the b a s a l s u r f a c e and s u p p l i e s the 
a p i c a l e l e c t r o g e n i c p u m p w i t h K + w o u l d s e e m to f i t the d a t a f o r 
L o c u s t a . P R I N C E (1976) u s i n g m i c r o e l e c t r o d e s w a s ab le to show 
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t h a t the e l e c t r o g e n i c p u m p i n C a l l i p h o r a s a l i v a r y g l a n d w a s on 
the a p i c a l s u r f a c e , w h i c h wou ld - a l s o add w e i g h t to the t h e o r y . 
F u r t h e r s t u d i e s w o u l d have to be c a r r i e d ou t on L o c u s t a u s i n g 
3 
e i t h e r m i c r o e l e c t r o d e s o r a u t o r a d i o g r a p h i c a l s t u d i e s u s i n g H 
o u a b a i n to l o c a t e the t w o p u m p s . 
T h e m e c h a n i s m of l i n k a g e b e t w e e n s o l u t e and w a t e r 
t r a n s p o r t a c r o s s s e c r e t o r y e p i t h e l i a has been the s u b j e c t of m u c h 
c o n t r o v e r s y i n the p a s t , e s p e c i a l l y w h e n the f l u i d s e c r e t e d i s 
n e a r l y i s o t o n i c w i t h the b a t h i n g m e d i u m , ( r e v i e w s U S S I N G , 1949; 
F A W C E T T , 1962; O S C H M A N et a l 1 9 7 4 ) . No c o n c l u s i v e p r o o f 
has been o b t a i n e d f o r any of the t h e o r i e s , bu t s o m e of the i d e a s 
w i l l be d i s c u s s e d b r i e f l y i n r e l a t i o n to L o c u s t a . P i n o c y t o s i s and 
v e s i c l e p r o d u c t i o n a r e g e n e r a l l y d i s r e g a r d e d as be ing of p r i m e 
i m p o r t a n c e i n u r i n e p r o d u c t i o n a c r o s s i n s e c t t u b u l e s as i t has 
been c a l c u l a t e d ( T A Y L O R , 1971) tha t the r a t e of v e s i c l e f o r m a t i o n 
and f l o w w o u l d have to be i m p o s s i b l y r a p i d to m a i n t a i n the r a t e s 
of u r i n e p r o d u c t i o n o b s e r v e d . R I E G A L S ' f o r m e d b o d y 1 t h e o r y 
(1966) ( d e s c r i b e d i n C h a p t e r 3) has a l s o been s h o w n to be u n l i k e l y 
i n L o c u s t a as no ' f o r m e d b o d i e s ' c o u l d be o b s e r v e d i n the 
t u b u l e l u m e n . 
T A Y L O R (1970) s u g g e s t s tha t f l u i d m o v e m e n t 
a c r o s s the M a l p i g h i a n t u b u l e s of C a r a u s i u s m a y o c c u r as a 
r e s u l t o f f r i c t i o n a l f o r c e s b e t w e e n t r a n s p o r t e d s o l u t e and w a t e r 
( c o - d i f f u s i o n ) . T h i s t h e o r y , o r i g i n a l l y p r o p o s e d by K E D E M ( 1 9 6 5 ) ) 
s u g g e s t s tha t the d i f f u s i o n of s o l u t e t h r o u g h p o r e s i n the 
m e m b r a n e d r a g s w a t e r m o l e c u l e s a l o n g by f r i c t i o n a l f o r c e . In the 
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c a s e of an a c t i v e i o n t r a n s p o r t s y s t e m , h o w e v e r , i t w o u l d s e e m 
tha t w a t e r c o u l d o n l y p a s s a c r o s s the m e m b r a n e a t the s i t e of 
a c t i v e t r a n s p o r t . T A Y L O R (.1.970) s u g g e s t s tha t i f a N a + / K + 
e x c h a n g e p u m p i s i n v o l v e d , s o l u t e d r a g c o u l d be e x e r t e d by the 
p a s s i v e back d i f f u s i o n of N a + i o n s i n t o the c y t o p l a s m and w a t e r 
m o v e m e n t c o u l d thus o c c u r t h r o u g h o u t the r e g i o n . In the case 
of L o c n s t a h o w e v e r , i t w o u l d a p p e a r u n l i k e l y tha t w a t e r m o v e m e n t 
r e s u l t s f r o m c o - d i f f u s i o n w i t h p a s s i v e l y back d i f f u s i n g N a + , 
because the t u b u l e s w e r e ab le to s e c r e t e i n a m e d i u m e n t i r e l y 
l a c k i n g Na^ . T h e c o n c e p t of f l u i d m o v e m e n t t h r o u g h p o r e s i s 
a l s o s u b j e c t to d o u b t , and r e c e n t s t u d i e s ( r e v i e w e d by O S C H M A N 
e t a l , 1974) s u g g e s t t ha t the p o r e s m a y w e l l no t be i n v o l v e d i n 
f l u i d m o v e m e n t . I t w o u l d a p p e a r u n l i k e l y , t h e r e f o r e , t ha t 
c o - d i f f u s i o n p l a y s an i m p o r t a n t r o l e i n s e c r e t i o n by the t u b u l e s 
of L o c u s t a . 
T h e m o s t w i d e l y h e l d t h e o r y i s tha t w a t e r 
m o v e m e n t i s p a s s i v e , and r e s u l t s f r o m an o s m o t i c f o r c e c r e a t e d 
by a c t i v e i o n " p u m p i n g " a c r o s s a m e m b r a n e . T h e d e v e l o p m e n t . 
o f the n e c e s s a r y o s m o t i c g r a d i e n t s has a l s o been the s u b j e c t of 
m u c h c o n t r o v e r s y . T h e u l t r a s t r u c t u r e of L o c u s t a M a l p i g h i a n 
t u b u l e s r e v e a l e d n u m e r o u s i n f o l d s on the b a s a l and a p i c a l 
s u r f a c e s . E x t e n s i v e i n f o l d i n g has been s h o w n to be a 
c h a r a c t e r i s t i c of s e c r e t o r y e p i t h e l i u m ( r e v i e w B E R R I D G E and 
O S C H M A N , 1972) and m u c h deba te has c e n t e r e d a r o u n d the 
f u n c t i o n a l s i g n i f i c a n c e o f the i n f o l d s . D I A M O N D and B O S S E R T 
( 1 9 6 7 , 1968 ) , and B E R R I D G E and O S C H M A N (1969) f e e l tha t the 
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s t r u c t u r e of the i n f o l d s enab le the f o r m a t i o n of s t a n d i n g 
g r a d i e n t s ( d e s c r i b e d i n C h a p t e r 3) w h i c h p r o v i d e the o s m o t i c 
f o r c e n e c e s s a r y f o r f l u i d f l o w . W h i l s t the u l t r a s t r u c t u r e of 
L o c u s t a t u b u l e s w o u l d c l e a r l y enab le s t a n d i n g g r a d i e n t s to f o r m 
i n t h e o r y , a c e r t a i n a m o u n t of d o u b t has been r a i s e d a s to 
w h e t h e r t hese g r a d i e n t s c o u l d be e n t i r e l y r e s p o n s i b l e f o r f l u i d 
f l o w . T A Y L O R ( 1 9 7 0 , 1971a) a r g u e s s t r o n g l y a g a i n s t s t a n d i n g 
g r a d i e n t s b e i n g of p r i m e i m p o r t a n c e i n C a r a u s i u s t u b u l e s . One 
of h i s m a i n o b j e c t i o n s i s tha t the d i m e n s i o n s of the i n f o l d s on 
the b a s a l s u r f a c e ( w h i c h c l o s e l y r e s e m b l e the d i m e n s i o n s f o r 
L o c u s t a ) a r e s u c h tha t the o s m o t i c p e r m e a b i l i t y of the m e m b r a n e 
w o u l d have to be i m p o s s i b l y h i gh to a l l o w enough w a t e r to c r o s s 
the m e m b r a n e to a c c o u n t f o r f l u i d f l o w . T h i s o b j e c t i o n i s a l s o 
m a d e by H I L L (1975a+b) f r o m a s e r i e s of m a t h e m a t i c a l 
c a l c u l a t i o n s . A n o t h e r s t r o n g o b j e c t i o n to the D I A M O N D and 
B O S S E R T m o d e l put f o r w a r d r e c e n t l y ( G U P T A e t a l , 1976) 
r e s u l t s f r o m t h e i r w o r k u s i n g e l e c t r o n p r o b e X - r a y m i c r o a n a l y s i s 
to m e a s u r e the i o n c o n c e n t r a t i o n s i n R h o d n i u s M a l p i g h i a n 
t u b u l e s . T h e y show tha t the c o n c e n t r a t i o n s b e t w e e n the m i c r o v i l l i 
+ + 
a r e the o p p o s i t e to t hose p r o p o s e d by the m o d e l w i t h , Na , K 
and C l ~ b e i n g m o r e c o n c e n t r a t e d t o w a r d s the l u m e n than a t the 
c l o s e d end of the c h a n n e l s . I t s e e m s , t h e r e f o r e , t ha t a l t h o u g h 
a t t r a c t i v e i n t h e o r y the s t a n d i n g g r a d i e n t h y p o t h e s i s i s u n l i k e l y 
to be r e s p o n s i b l e f o r s e c r e t i o n by L o c u s t a t u b u l e s . T h e f a c t tha t 
o u a b a i n w h i c h i n h i b i t s f l u i d s e c r e t i o n has no e f f e c t on the 
e x t r a c e l l u l a r s p a c e s w o u l d f u r t h e r s u b s t a n t i a t e t h i s s u g g e s t i o n . 
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A s the u r i n e of L o c u s t a i s a l w a y s s l i g h t l y 
h y p e r t o n i c to the b a t h i n g m e d i u m i t i s p o s s i b l e t ha t a s i m p l e 
' l o c a l o s m o s i s ' ( D I A M O N D , 1964) m a y be r e s p o n s i b l e f o r w a t e r 
m o v e m e n t a c r o s s the t u b u l e . T h e t h e o r y of l o c a l o s m o s i s i s 
t ha t the c y t o p l a s m i s m a r g i n a l l y h y p e r t o n i c to the b a t h i n g 
m e d i u m as a r e s u l t of s o l u t e p u m p i n g a c r o s s the b a s a l m e m b r a n e 
and s i m i l a r l y the l u m e n b e c o m e s m a r g i n a l l y h y p e r t o n i c to the 
b a t h i n g m e d i u m . W a t e r f l o w s p a s s i v e l y f r o m the h a e m o l y m p h to 
the t ubu le l u m e n as a r e s u l t of t h i s o s m o t i c g r a d i e n t . T h i s t h e o r y 
has been f a v o u r e d by M A D D R E L L (1972) f o r a l l i n s e c t s w h i c h 
p r o d u c e a h y p e r t o n i c u r i n e , he a g r e e s w i t h T A Y L O R (1971a) t ha t 
the i n v a g i n a t i o n s m e r e l y i n c r e a s e the s u r f a c e a r e a f o r i o n and 
w a t e r m o v e m e n t on bo th s i d e s of the c e l l . T A Y L O R quo ted by 
M A D D R E L L (1972) c a l c u l a t e s tha t w i t h an o s m o t i c d i f f e r e n c e 
of 1 0 m O s m o l e s f r o m h a e m o l y m p h to l u m e n , and an e f f e c t i v e 
o s m o t i c p e r m e a b i l i t y of 1 0 ~ ^ c m sec - ' ' " O s m " ^ w o u l d be 
s u f f i c i e n t to a c c o u n t f o r the m e a s u r e d r a t e s of w a t e r t r a n s p o r t 
r e c o r d e d f o r m o s t i n s e c t s . W h i l s t the o s m o t i c p e r m e a b i l i t y of 
L o c u s t a t u b u l e s i s u n k n o w n f r o m the p r e s e n t s t u d y , the o s m o t i c 
d i f f e r e n c e of 2 2 . 9 - 2 . 6 m O s m o l e s s u g g e s t s tha t l o c a l o s m o s i s 
m a y a c c o u n t f o r f l u i d m o v e m e n t . 
T h e r e f o r e , the p r e s e n t s t u d y on L o c u s t a has 
e s t a b l i s h e d tha t w a t e r m o v e m e n t f o l l o w s a c t i v e K + t r a n s p o r t 
a c r o s s the M a l p i g h i a n t u b u l e s p r o b a b l y as a r e s u l t of ' l o c a l 
o s m o s i s ' . A N a - K + A T P a s e e n z y m e i s c l e a r l y i n v o l v e d on a t 
l e a s t one s u r f a c e of the t u b u l e , m o s t p r o b a b l y the b a s a l s u r f a c e 
1 7 6 
and an e l e c t r o g e n i c K p u m p m a y e x i s t on the a p i c a l s u r f a c e . 
T h e r e s u l t s f u r t h e r s u g g e s t tha t the e n d o c r i n e c o n t r o l of 
d i u r e s i s i s m e d i a t e d v i a c y c l i c A M P . 
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A P P E N D I X 4 ( i ) 
P r e p a r a t i o n of the T r i s s a l t of a d e n o s i n e t r i p h o s p h a t e ( A T P ) 
T h e d i s o d i u m s a l t of A T P w a s c o n v e r t e d i n t o t r i s 
A T P u s i n g an i o n exchange D o w e x r e s i n . B e f o r e i t cou ld be 
used the D o w e x had to be c o n v e r t e d i n t o i t s H + f o r m ( r e -
c h a r g e d ) . The D o w e x r e s i n w a s w e l l r i n s e d w i t h d i s t i l l e d 
w a t e r i n a B u c h n e r f u n n e l and the w e t w e i g h t was n o t e d . I t 
w a s then washed i n 3N HC1 ( A n a l a R ) , u s i n g 3 0 m l s of a c i d p e r 
5g w e t w e i g h t of r e s i n . T h i s w a s f o l l o w e d by w a s h i n g i n 
d i s t i l l e d w a t e r u n t i l the e f f l u e n t had a p H b e t w e e n 3 - 4 . A t 
t h i s s tage a l l the r e s i d u a l a c i d w a s r e m o v e d f r o m the r e s i n 
and i t w a s i n i t s " c h a r g e d " f o r m . I t w a s r e s u s p e n d e d i n i t s 
o w n v o l u m e of d i s t i l l e d w a t e r and s t o r e d at 0 - 4 ° C u n t i l r e q u i r e d 
A k n o w n q u a n t i t y of d i s o d i u m A T P w a s d i s s o l v e d 
i n a k n o w n s m a l l v o l u m e of d i s t i l l e d w a t e r ( a p p r o x . l O m l s ) and 
t h i s w a s added to a s m a l l q u a n t i t y of the r f 1 D o w e x r e s i n and 
t h o r o u g h l y m i x e d u s i n g a " W h i r l m i x e r " ( F i s o n s s c i e n t i f i c 
a p p a r a t u s ) f o r a f ew m i n u t e s . The r e s i n w a s a l l o w e d to 
s e d i m e n t and the s u p e r n a t a n t r e m o v e d and r e t a i n e d . T h e r e s i n 
w a s w a s h e d t h r e e t i m e s w i t h a l i t t l e d i s t i l l e d w a t e r m i x i n g 
t h o r o u g h l y each t i m e thus e n s u r i n g the r e m o v a l of a l l the 
3 
H A T P f r o m the D o w e x . The s u p e r n a t a n t w a s poo led e a c h 
t i m e . B y now the A T P was i n i t s H + f o r m and i t w a s c o n v e r t e d 
to the t r i s s a l t b y the a d d i t i o n of d r o p s of 2 M T r i s u n t i l the 
pH w a s 7 . 2 . I t w a s then made up to the r e q u i r e d v o l u m e and 
w a s s t o r e d a t - 2 0 ° C . 
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A P P E N D I X 4 ( i i ) 
C o n s t r u c t i o n of a s t a n d a r d c a l i b r a t i o n c u r v e f o r i n o r g a n i c 
phospha te 
A s t o c k s o l u t i o n c o n t a i n i n g 20\ig p h o s p h o r u s (as 
K r ^ P O ^ / m l ) was s e r i a l l y d i l u t e d to g i v e 2 0 , 1 5 , 10 , 5 , 2 . 5 , Oj.ig 
P i / m l . T w o m i s of the s t a n d a r d s o l u t i o n s w e r e p i p e t t e d i n t o 
M S E c e n t r i f u g e tubues f o l l o w e d by 4 m l s of l u b r o l m i x (see 
C h a p t e r 4 , M a t e r i a l s and M e t h o d s s e c t i o n i i ) . T h e tubes 
s tood f o r 10 m i n u t e s at r o o m t e m p e r a t u r e f o r the d e v e l o p m e n t 
of the y e l l o w c o l o u r , and then the o p t i c a l d e n s i t y w a s m e a s u r e d 
on a Pye U n i c a m S . P . 1800 Dua l B e a m S p e c t r o p h o t o m e t e r at 
3 9 0 n m s l i t w i t h 1 0 m m . S t a n d a r d c u r v e s w e r e p r o d u c e d u s i n g 
m i x t u r e s p r e p a r e d w i t h L u b r o l W and C i r r a s o l A L N - F , and 
they w e r e found to be i d e n t i c a l ( C O S S I N S , 1975 ) , c o n s e q u e n t l y 
the C i r r a s o l c u r v e o n l y i s s h o w n i n F i g . A . 4 . 1 . 
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F I G . A : 4 : 1 
S t a n d a r d c u r v e f o r phospha te c o n c e n t r a t i o n 
a g a i n s t o p t i c a l d e n s i t y . 
O r d i n a t e : o p t i c a l d e n s i t y 3 9 0 n m . 
A b s c i s s a : phospha te c o n c e n t r a t i o n ( n . m o l e s 
( l i n e s d r a w n by r e g r e s s i o n a n a l y s i s ) . 
F I G . A : 4 : 2 
S t a n d a r d c u r v e f o r p r o t e i n c o n c e n t r a t i o n 
a g a i n s t o p t i c a l d e n s i t y . ( B . S . A . f r a c t i o n V u s e d to p r o v i d 
the s t a n d a r d c o n c e n t r a t i o n s ) . 
O r d i n a t e : o p t i c a l d e n s i t y 5 0 0 n m . 
A b s c i s s a : p r o t e i n c o n c e n t r a t i o n j i g / m l . 
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A P P E N D I X 4 (iii) 
Folin-phend method of Protein assay ( L O W R Y et a l . , 1951) 
Bovine serum albumen ( B . S . A . ) Fract ion V 
(Sigma Chemicals L t d . ) , was used to provide standard solutions 
containing 0.50, 100, 150, 200, 300, 400 ( i g/ml . 
Reagents 
i) 2% wt/Vol Sodium Carbonate 
ii) 0 .5 % C u S 0 4 
i i i ) 1 % Potassium Sodium Tartrate 
Fol in A Mixture J i • • i i r was prepared by mixing equal volumes of 
solutions (ii) and (iii) and one volume of this mixture was added 
to 50mls of solution ( i ) . 
Fo l in B Mixture was prepared by diluting four volumes of Fo l ins 
Ciocalteaus phenol reagent with six volumes of water. 
Method 
Three mis of Fol in solution A was added to 0 .2mls 
of protein solution in a boiling tube and it was allowed to stand at 
room temperature for 30 mins . 0 .3mls of Fo l in solution B was 
then added and the resulting mixture was allowed to stand a 
further 60 mins at room temperature. The solutions were 
poured into glass cuvettes and the optical density at 500nm was 
measured on an S . P . 1800 Pye Unicam Spectrophotometer. 
A calibration curve could be constructed from the standards from 
which the unknowns could be determined. A new calibration 
1 8 .1. 
curve was constructed every time a protein assay was carr ied 
out. A typical curve is graph A:4:2: 
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A P P E N D I X 4 (iv) 




energy E a Kjoules 
Mole-1 
slope r .• 
1 Malpighian tubules 95. 92 - 5 . 01 0. 98 
2 it n 140. 33 - 7 . 33 0. 98 
3 ii I I 132. 11 - 6 . 95 0. 99 
4 Rectal S a c s 97. 26 - 5 . 05 0. 97 
_ . o 5 . I I it 134. 60 - 7 . 03 0. 98 
6 . 3 - 2 1 ° C 6 n I I 125. 79 - 6 . 57 0. 91 
7 Hindgut + 
Malpighian tubules 117. 56 - 6 . 14 0. 97 
8 I I I I 121. 39 - 6 . 34 0. 97 
9 I I n 143. 6 - 7 . 5 0. 90 
10 I I I I 114. 5 - 5 . 98 0. 99 
11 ii I I 129. 4 - 6 . 76 0. 95 
12 I I n 106. 8 - 5 . 79 0. 99 
1 Malpighian tubules 75. 86 - 3 . 96 0. 98 
2 I I I I 53. 40 - 2 . 79 0. 97 
3 I I I I 57. 01 - 2 . 98 0. 99 
4 Rectal S a c s 49. 43 - 2 . 58 0. 98 
5 I I 73. 29 - 3 . 83 0. 96 
2 1 ° C - 6 n 62. 22 - 3 . 26 0. 92 
7 Hindgut + 
4 2 ° C Malpighian tubules 66. 06 - 3 . 45 0. 99 
8 I I I I 47. 10 - 2 . 46 0. 97 
9 I I I I .64. 71 - 3 . 38 0. 89 
10 n I I 48. 44 - 2 . 53 0. 98 
11 I I I I 58. 08 - 3 . 09 0. 99 
12 I I 63. 19 - 3 . 30 0. 95 
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A P P E N D I X 4 (iv) 
b) Mg A T P a s e enzyme. Arrhenius \i values . 
temp. tissue Activation energy slope r 
range E a K joules Mole-1 
6 . 3 - 2 1 ° C 1 Malpighian tubules 98.2 -5 .13 0.97 
2 ii I I 97.6 - 5 . 1 0 0.99 
3 ii I I 99.3 - 5 . 2 0 0.98 
4 Rectal S a c s 91.1 - 4 . 7 6 0.95 
5 I I 88.7 - 4 . 6 3 0.92 
6 Hindgut + 
Malpighian tubules 98 .4 - 5 . 1 4 0.90 
7 I I I I 87.3 - 4 . 5 6 0.97 
8 I I I I 105.8 - 5 . 5 3 0.97 
9 I I it 96.1 - 5 . 0 2 0.95 
10 
2 1 . 0 - 4 2 ° C 1 Malpighian tubules 58.0 - 3 . 0 3 0.97 
2 I I I I 66.8 -3 .49 0.98 
3 I I n 47.86 -2 .51 0.99 
4 Rectal S a c s 45.9 - 2 . 4 0.7 
5 n 55.3 - 2 . 8 5 0.99 
6 Hindgut + 
Malpighian tubules 45.9 - 2 . 4 0.7 
7 I I n 42.12 - 2 . 2 6 0.95 
8 I I n 41.54 - 2 . 1 7 0.94 
9 I I I I 39.44 - 2 . 0 6 0.95 
10 I I I I 65.10 - 3 . 4 0.97 
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A P P E N D I X A (v) 
Effect of Mg concentration on Activity 
a) Na-K AT'Pase nmoles P i / M g protein/min 
M 9 2 + 
cone mM 3 0 ° C 30°C 30°C 4 0 ° C 4 0 ° C 
0 9.5 5.5 4.76 12.45 11.43 
1 42.5 164.7 390 235.3 519 
2 73.0 121.6 466 309.8 534 
3 86.5 242.4 520 371 579 
4 99.0 248.6 519 431 643 
5 92.5 215.7 481 414 628 
6 93.5 200 443 400 619 
7 91.5 188.2 443 386.7 623 
8 78 174.1 426 380 617 
9 72 173.3 405 376.9 548 
10 86.5 145.1 363 365.7 581 
b) Mg A T P a s e nmoles P i / M g protein/min. 
M g 2 + 
cone nM 2 0 ° C 3 0 ° C 3 0 ° C 4 0 ° C 4 0 ° C 
0 8 .4 11.8 25.7 25.0 66.6 
1 21 39.2 66.6 63.5 91 .4 
2 20 50.9 76.2 70.6 144.7 
3 20 51 71.4 77.6 132.4 
4 10 50 75.2 90.2 133.3 
5 17.4 51 83.8 92.5 133.3 
6 17.0 61.2 66.6 92.5 90.47 
7 17.4 50.9 66.6 94.1 119.0 
8 18.0 50.8 60 94.1 102.8 
9 20.5 56.4 58.1 90.6 92 .4 
10 5.0 52.0 60.9 70.6 73 ..8 
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A P P E N D I X 4(vii) 
Kinetic Constants of Nat K + A T P a s e 
Temp. Km . mMolar V Max 




20°C 0.09 70 1.39 0.99 
0.12 198 0.60 0.98 
0.15 73 2.46 0.88 
3 0 ° C 0.18 198 0.96 0.96 
0.19 129 1.58 0.97 
0.17 312 0.56 0.99 
4 0 ° C 0.11 411.5 0.68 0.95 
0.16 769 0.14 0.93 
0.15 138 1.24 0.98 
0.15 228 0.24 0.99 
0.19 319 0.54 0.99 
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Appendix 5 (i) 
Calculation of oxygen content of 3mls of 
Ringer in oxygen electrode apparatus. (Chapter 5). 
Oxygen content of 1ml of reaction 
medium saturated with a ir at 3 0 ° C = 0 ' 4 4 5 | i g atoms 
This value was calculated by C H A P P E L L (1964) and 
confirmed by DAVIDSON (1970). 3mls of reaction 
medium was used in the experiments:-
Therefore oxygen content of 3mls=0.455 x 3=1.335i.ig 
atoms O2 =0'668u moles C>2' 
The ringer solution was saturated with a ir prior to 
each experiment, therefore 100 % saturation contains 
0*668u moles O2. E a c h l"/o unit on recorder is 
therefore equivalent to 0'00668u moles 0~ . 
1 9 0 
A P P E N D I X 5 : (ii) 
Effect of ImM ouabain on the rate of oxygen consumption by the 
Malpighian tubules of Locus ta . 











0 26.6 6 .0 7.4 10.8 
10 15.5 3.92 7.6 10.3 
20 15.32 4.24 7.6 10. 1 
30 14.4 4 .4 7.0 9 .6 
40 14.4 4.42 6.5 9 .0 
50 15.2 4.68 4.8 7.0 
60 14.0 4.52 3 .0 8 .5 
70 14.4 3.92 5 .4 6,5 
80 13.8 4.0 4.6 6.7 
90 13.4 4.0 4 .2 7.7 
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F I G . A: 6: 1 
Calibration curve for NaOH concentration 
against % emiss ion, estimated using an S . P . 90 
spectrophotometer wavelength 570nm. 
Ordinate : v/o emission 
Absc i s sa : N a + concentration (m . molar) 
F I G . A: 6: 2 
Calibration curve for KOH concentration 
against % emiss ion , estimated using an S . P . 90 
spectrophotometer wavelength 750nm . 
Ordinate : e/o emission 
Absc i s sa : K + concentration (m . molar) 




























F I G : A: 6: 3 
Calibration curve relating osmotic concentration 
(m.Osmoles) to the ° C value obtained by the cryoscopic 
method of R A M S A Y and BROWN (1955). The range of osmotic 
concentrations were produced using NaOH solutions. 
Ordinate: osmotic concentration £n°C 
Absc i s sa : osmotic concentration (m.Osmoles ) . 
F I G . A: 6: 4 
Cal ibrat ion curve' for I T T bead thermister . 
Ordinate: mV value recorded on pen recorder , 
Absc i s sa : temperature ° C . 
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10 20 15 30 25 35 40 45 50 
Temperature C 
F I G . A: 6: 5 
Effect of temperature on the pH of Ringer 
solution buffered with H E P E S . 
Ordinate: pH. 
Absc i s sa: temperature C . 
F I G . A: 6: 6 
Effect of temperature on the pH of 'normal 
Ringer solution. The arrow indicates the beginning of 
precipitate formation. 
Ordinate: pH. 
Absc i s sa : temperature ° C . 
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A P P E N D I X 6 : (ii) 
Effect of osmotic pressure on the rate of fluid secretion by the 
Malpiqhian tubules 
m . Osmoles . % of original rate P n 
33 108.0 + 13 not sig 20 
86 328 + 66 <0.001 11 
256 228 + 33 <0 .01 14 
328 . 1 4 5 + 16 < 0 . 0 5 12 
440 75 + 14 not sig 13 
580 2 8 + 8 < 0 . 0 5 12 
820 6 + 2 <0 .001 11 
(P values were obtained by comparing rate 1 and rate 2 by a paired 
•t' test). 
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A P P E N D I X 6 : (iii) 
The effect of temperature on fluid secretion by the Malpighian tubules 
Temperature Rate as % of rate No of D 
at 30"C tubules 
5 11. 32 + 3.2 9 < 0 . 0 1 . 
10 . 17. 2 + 3.4 9 <0.001 
15 23. 45 + 4.6 10 <0 .01 
20 28. 4 + 5.05 7 < 0 . 0 5 
25 53. 81 + 5.2 9 <0 .05 
30 92. 7 + 5.95 14 Not s ig . 
34 130 + 17.0 11 Not s ig . 
37 138 + 10.5 16 < 0 . 0 5 
40 153. 8 + 9.2 7 <0.05 
45 129 + 40 12 Not s ig . 
47 66. 7 + 7.8 79 Not s ig . 
(P values were obtained by comparing rate 1 and rate 2 by a 
paired 't' test) 
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A P P E N D I X 6 : (i.v) 
The effect of cyc l i c A M P on fluid secretion by the Malpighian 
tubules 
C y c l i c A M P S t i m . rate as % of 
original 
P . value n 
0 98,3 + 14.0 not s ig . 11 
10~'5 119. + 14.0 not s ig . 19 
3 x 1CT 5 112.2 + 20.0 
i 
not. s ig . 16 
7 x l C T 5 117.5 ± 20.. 0 not s ig . 6 
i o - 4 153.3 + 14.6 not s ig . 14 
3'x 10~ 4 216.0 40.0 P < 0 . 0 5 13 
10" 3 273.1 40.0 P < 0 . 0 0 1 14 
3 x 10" 3 . . 1 5 1 . 4 + 20.0 P < 0 . 0 5 13 
10" 2 130.4 + 17.8 not s ig . 15 
(P values were obtained by comparing rate 1 and rate 2 by a 
paired 111 test). 
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A P P E N D I X 6: (v) 
The effect of C y c l i c AMP on N a + - K H A T P a s e activity of 
microsomal preparationsof hindgut and Malpiqhian tubules 
of Locusta migratoria 
[ C y c l i c A M P ~ j 
Molar 
N a + - K + A T P a s e Activity 
n. moles P i / m g Prote in / 
hr 
M g 2 + A T P a s e 
activity 
n. moles P i / m g 
protein/ hr 
0 284.9 52.6 
10- 7 284.2 42.5 
i o - 6 278.8 46.4 
10" 5 284.0 54.27 
i o - 4 284.9 33.4 
10" 3 278.6 42.7 
1 9 9 
B I B L I O G R A P H Y 
The abbreviations are taken from the World L i s t of Scient i f ic 
Per iodica ls . 
A H M E D , K . and J U D A H , J . D . (1964). Preparation of l ipo-
proteins containing cation-dependent A T P a s e . 
Biochim. biophys. Acta . 93: 603-613. 
A K E R A , T . (1971). Quantitive aspects of the interaction 
between ouabain and ( N a + and K + ) -act ivated 
A T P a s e in vi tro. Biochim. biophys. Acta . 249: 
53-61. 
A K E R A , T . , L A R S E N , F . S . and B R O D Y , T . H . (1969). The 
effect of ouabain on sodium and potassium activated 
adenosine triphosphatase from the hearts of several 
mammalian species . J . Pharmac . exp. T h e r . 171: 
17-76. 
* A L L E N , J . C . and S C H W A R T Z , A . (1970). Effects of 
potassium, temperature and time on ouabain 
+ + 
interaction with the cardiac Na , K - A T P a s e : 
r 
Further evidence supporting an al losteric s i te . J . 
Molecular and cel lular cardiology. Jj 39-45. 
A M A K A W A , T . , and M I Z U H I R A , V . (1966). The electron 
microscope studies on ion-detection in the c e l l . 
6th Int. Congress for electron microscopy. Kyoto. 
2: 87-88. 
2 0 0 
A N D R E W S , P . (1973). A scanning electron microscopic study 
of the urimferous tubules. 31st Ann. P r o c . 
Electron Microscopy Soc . A m e r . New Orleans , L o s 
Angeles, E d . A R C E N E A U X , C . J . 
A N D R E W S , P . (1974). A scanning electron microscopic study 
of the nephrotic kidney. 32nd Ann. P r o c . Electron 
Microscopy Soc . Amer . S t . Louis Missouri , E d . 
A R C E N E A U X , C J . 
A N D R E W S , P . (1975a). Scanning electron microscopy of the 
nephrotic kidney. Virchows A r c h . B . c e l l Path. 
17 : 195-211.. 
A N D R E W S , P . (1975b). • Scanning electron microscopy of human 
and rhesus monkey kidneys. L a b . Invest. 32 : 610-
618. 
A N S T E E , J . H . and B E L L , D . M . (1975). Relationships of 
N a + activated A T P a s e to fluid production by 
Malpighian tubules of Locusta migratoria . J . Insect 
Phys io l . 21 : 1779-1784. 
A R C H I B A L D , J . T . and W H I T E , T . D . (1974). Rapid reversa l 
+ + 
of internal Na and K contents of synaptosomes by 
ouabain. Nature Lond. 252 : 595-596. 
A S H U R S T , D . E . (1968). The connective tissues of insects . Ann. 
Rev. E n t . 13. : 107-134. 
A S T O N , R . J . (1975). The role of adenosine 3'5 1 cyc l i c mono-
phosphate in relation to the diuretic hormone of 
Rhodnius prolixus. J . Insect Physio l . 21 : 1873-77. 
2 0 1 
A T K I N S O N , A . , G A T E N B Y , A . D . and L O W E , A . G . (1973). 
The determination of inorganic orthophosphate in 
biological sys tems . Biochim. biophys. Acta . 320 : 
195-204. 
A T Z B A C H E R , U . , H E V E R T , F . , W E B E R - V O N G R O T T H U S S , 
E . and W E S S I N G , A . (1974). The influence of 
ouabain on the elimination of injected and oral ly 
applied dyes in Drosophila hydei. J . Insect 
Physio l . 2 0 : 1989-1997. 
A U G U S T U S , J . (1976). Evidence for electrogenic sodium 
pumping in the ductal epithelium of rabbit sa l ivary 
gland, and its relationship wi th (Na"1" + K ) A T P a s e . 
Biochim. biophys. Acta . 419 : 63-75. 
B A D E R , H. , S E N , A . K . and P O S T , R . L . (1966). Isolation 
and characterization of a phosphorylated 
intermediate in the (Na + K ) system-dependent 
A T P a s e . Biochim. biophys. Acta . 118 : 106-115. 
B A K E R , P . F . (1972). The sodium pump in animal tissues and 
its role in the control of cel lular metabolism and 
function. In Metabolic Pathways V I , 243-267, 
Academic P r e s s . 
B A K K E R E N , J . A . and BONTING, S . L . (1968). Studies on 
( N a + - K + ) activated A T P a s e . X X . Propert ies 
of the ( N a + - K + ) activated A T P a s e in rat l i v e r . 
Biochim. biophys. Acta . 150 : 460-466. 
3 0 2 
B E A M S , H . W . , T A H M I S I A N , T . N . and D E V I N E , R . L . (1955) 
Electron microscope studies on the cel ls of the 
Malpighian tubules of the grasshopper Melanoplus 
differentialis (Orthoptera acrididae) . J . biophys. 
biochem. Cytol . I : 197-202. 
B E R K A L O F F , A . (1958). L e s grains de secretion des tubes 
de Gryl lus domesticus (Orthoptere Gryl l idae) . 
C . r . Acad . S c i . P a r i s 246 : 2807-2809. 
B E R K A L O F F , A . (1959). Transformations mitochondriales 
et formation de pigment dans les tubes de Malpighi 
de Gryl lus domesticus (Orthoptere Gryl l ide) . C . r . 
Acad. S c i . P a r i s 249 : 2120-2121. 
B E R K A L O F F , A . (1960). Contribution a l'etude des tubes de 
Malpighi et de l'excretion chez les insectes . 
Observations au microscope electronique . Annls. 
S c i . Nat. Zool . X I I . _2_r 869-947. 
B E R R I D G E , M . J . (1965). The physiology of excretion in the 
cotton stainer Dysdercus faciatus (Signoret.) I . 
Anatomy, water excretion and osmoregulation. J. . 
exp. B io l . 43 : 511-521. 
B E R R I D G E , M . J . (1966). The physiology of excretion in the 
cotton stainer Dysdercus fasciatus (Signoret). I V . 
Hormonal control of excretion. J . exp. B io l . 44 
553-566. 
B E R R I D G E , M . J . (1967). Ion and water transport across 
epithelia. In Insects and Physiology, E d . B E A M O N T , 
J . W . L . and T R E H E R N E , J . E . Ol iver and Boyd. 
Edinburgh and London. 329-347. 
B E R R I D G E , M . J . (1968). Urine formation by the Malpighian 
tubules of Cal l iphora. I . Cations. J . exp. B io l . 
48 : 159-174. 
B E R R I D G E , M . J . (1970). The role of 5HT and cyc l i c A M P in 
the control of fluid secretion by isolated sa l ivary 
glands. J . exp. B io l . 53 : 171-186. 
B E R R I D G E , M . J . (1975). The interaction of cyc l i c nucleotides 
and calcium in the control of ce l lular activity. 
Advances in cyc l ic nucleotide re search , 6 : 1-98. 
B E R R I D G E , M . J . and G U P T A , B . L . (1967). F ine - s t ruc tura l 
changes in relation to ion and water transport in the 
rectal papillae of the blowfly, Cal l iphora . J . Ce l l 
S c i . 2 : 89-112. 
B E R R I D G E , M, J . and G U P T A , B . L . (1968). Fine s tructural 
localization of adenosine triphosphatase in the rectum 
of Call iphora . J . C e l l . S c i . 3_ : 17-32. 
B E R R I D G E , M . J . , L I N D L E Y , B . D . and P R I N C E , W . T . (1975). 
Membrane permeability changes during stimulation 
of isolated sa l ivary glands of Call iphora by 5-
Hydroxytryptamine. J . Phys io l . Lond. 2 4 4 : 549-567. 
2 0 4 
B E R R I D G E , M . J . . L I N D L E Y , B . D . and P R I N C E , W . T . (1976), 
Studies on the mechanism of fluid secretion by 
isolated sa l ivary glands of Cal l iphora . J . exp. B io l . 
64 : 311-312. 
B E R R I D G E , M . J . and O S C H M A N , J . L . (1969). The structural 
basis for fluid secretion by Malpighian tubules. 
T i s sue and C e l l , _I : 247-272. 
B E R R I D G E , M . J . and O S C H M A N , J . L . (1972). Transporting 
Epi the l ia , Academic P r e s s , New York. 
B E R R I D G E , M . J . and P A T E L , N . (1970). Insect sa l ivary 
glands : stimulation of fluid secretion by 5HT and 
3'5' cyc l i c A M P . Sc ience , N . Y . 162 : 462-463. 
B E R R I D G E , M . J . and P R I N C E , W . T . (1972a). Transepithel ial 
potential changes during stimulation of isolated 
sa l ivary glands with 5HT and cyc l i c A M P . J . exp. 
B io l . 56.: 139-153. 
B E R R I D G E , M . J . and P R I N C E , W . T . (1972b). The role of 
cyc l i c A M P in the control of fluid secret ion. Adv. 
C y c l i c . Nucleotide R e s . J : 137-147. 
B L A I N E , E . H . , C O G H L A N , J . P . , D E N T O N , D . D . , H A R D Y , 
K . J . , and S C O G G I N S , B . A . (1975). Effect of 
ouabain on adrenal potassium balance in sheep. 
P r o c . S o c . exp. B io l . Med. 150 : 257-260. 
B L O N D , D . M . and W H I T T A M , R . (1964). The regulation of 
kidney respiration by sodium and potassium ions. 
Biochem. J . 92 : 158-167. 
2 0 5 
BONTING, S . L . (1966). Studies on the N a + - K + activated 
adenosine triphosphatase. X V . The rectal gland of 
the e lasmobranchs. Comp. Biochem. Phys io l . 17 : 
953-966. 
B O W L E R , K . and DUNCAN, C . J . (1967). Evidence implicating 
a membrane A T P a s e in the control of passive 
permeability of excitable ce l l s . J . Ce l l Physiol . 
70 : 121-125. 
B O W L E R , K . , and DUNCAN, C . J . (1968a). The temperature 
character i s t i cs of the A T P a s e from a frog brain 
microsomal preparation. Comp. Biochem. Phys io l . 
24 : 223-227. 
B O W L E R , K . and DUNCAN, C . J . (1968b). The effect of 
+ + + temperature on the Mg2 dependent and Na - K 
A T P a s e s of a rat brain microsomal preparation. 
Comp. Biochem. Physiol . 24 : 1043-1054. 
B U T C H E R , R . W . , R O B I N S O N , G . A . and S U T H E R L A N D , E . W . 
(1970). In Hormones in biology. E d . & I T W A C K , G . 
Chap. 2. ' C y c l i c A M P and hormone act ion. ' Academic 
P r e s s . New York and London. 
C A Z A L , M. and G I R A R D I E , A . (1968). Controle humeral de 
l'equipe hydrique chez locusta migratoria miqratorioides. 
J . Insect Physio l . 14 : 655-688. 
C H A P P E L L , J . B . (1964). The oxidation of citrate, isocitrate and 
cisaconitate by isolated mitochondria. Biochem. J . 90 : 
225-237. 
2 0 6 
C H A R N L E Y , A . K . (1975). Some effects on the removal of 
the frontal ganglion on metabolism in Locusta 
migratoria migratorioides R . and F . P h . D . Thes i s 
Durham University . 
C H A R N O C K , J . S . , C O O K , D . A . and C A S E Y , R . (1971). The 
role of cations and other factors on the apparent 
energy of activation of ( N a + + K^ ) A T P a s e . A r c h . 
Biochem. Biophys. 147 : 323-329. 
C H A R N O C K , J . S . and P O S T , R . L . (1963a). Evidence of the 
mechanism of ouabain inhibition of cation activated 
adenosine triphosphatase. Nature Lond. 199 : 
910-911. 
C H A R N O C K , J . S . and P O S T , R . L . (1963b). Studies of the 
mechanisms of cation transport. I . The preparation 
of a cation stimulated adenosine-triphosphatase from 
guinea pig kidney cortex. Aust . J . exp. B io l . 41 : 
547-560. 
C H E N G , E . V . and C U T K O M P , L . K . (1972). Ageing in the 
honey-bee Apis mel l i fera , as related to brain 
A T P a s e and their D D T sensit ivity. J . Insect Physiol 
18 : 2285-2291. 
C I V A N , M . M . (1970). Effects of active sodium transport on 
current-voltage relationship of toad bladder . A m e r . 
J . Phys io l . 219 : 234-245. 
C L A R K , L . C . J r . (1956). Monitor and control of blood and 
tissue oxygen tensions. T r a n s . A m . S o c . Art i f . 
Internal Organs . 2 : 41-65. L 
2 0 7 
C O A S T , G . M . (1969). Formation of urinary fluid by Malpighian 
tubules of an insect . J . Phys io l . Lond. 202 : 102p -
103p. 
C O S S I N S , A . R . (1975). A study of some factors involved in 
the adaptation to temperature in the freshwater 
crayf i sh Austropotamobius pallipes, with an appendix. 
P h . D . T h e s i s , University of Durham. 
C R A B B E , J . and D E C O E N E , A . (1974). Pers is tence of an 
aldersterone influence on active sodium transport 
upon exposure of frog skin to ouabain. A r c h , int. 
Phys io l . Biochim. 82 : 343-346. 
C R A B B E , J . , F A N E S T I L , D . D . , P E L L E T I E R , M. and P O R T E R , 
G . A . (1974). Effect of ouabain on sodium transport 
across hormone-stimulated toad bladder and skin . 
Pflugers A r c h . 247 : 275-296. 
C R O W D E R , L . A . and S H A N K L A N D , D . L . (1972). Structure of 
the Malpighian tubule muscle of the Amer ican cock-
roach Periplaneta amer icana . Ann. E n t . S o c . 
A m e r i c a . 65 : 614-619. 
C S A K A Y , T . Z . (1961). Effects of cardiac gl ycosides on the 
active biological transport of non-electrolytes. 
Biochem. P h a r m a c . 8 : 38.' 
C U R R A N , P . F . and M A C I N T O S H , J . R . (1962). A model 
system for biological water transport. Nature, 
L o n d . 193 : 347-348. 
2 0 8 
C Z A C Z K E S . J . W . , AV1RAM. , A . , N I S S A N , M . D . and U L L I M A N , 
M - D . (1969). Influence of ouabain and lack of 
potassium on G O 2 of rat diaphragm in hypertonic 
sodium chloride solutions. I srae l J . Med. S c i . 
5 : 1044-1047. 
D A H L , J . L . ans HOKIN, L . E . (1974). The sodium-potassium 
adenosine triphosphatase. A . Rev. Biochem. 43 : 
327-356. 
D A N I L O V A , L . V . , R O K H L E N K O , K . D . and BODRYAGINA- A . V . 
(1969). E lec tron microscopic activity on the structure 
of septate and comb desmosomes. Z . Ze l l forsch . 
mikrosk . Anat. 100 : 101-117. 
D A T T A , S . (1971). Effects of inhibitors and tonicity on the 
hindgut potential across the isolated intestine of the 
cockroach Byros tr ia fumigata. Indian J . exp. B io l . 
9 : 36-39. 
D A T T A , S . (1972). E l e c t r i c a l potential across isolated 
intestine of the cockroach, Byrsotria fumigata 
(Guerin-Menevi l le) . Indian J . exp. B io l . 10 : 
118-121. 
D A V I D S O N , T . F . (1970). The investigation into the factors 
involved in acclimatization to temperature and death 
at high temperatures in Call iphora erythrocephala . 
( M E I G ) . P h . D . T h e s i s , University of Durham. 
2 09 
D A V I E S , P . W . and B R I N K , F . (1942). Mic roe l ec t rodes 
f o r measur ing loca l tension i n an imal t issues, 
Rev. sc ion t . I n s t r u m . 13 : 524-533. 
D E G A N I , C . and BOYER, D . (1973). A borohydr ide reduc t ion 
method f o r cha rac t e r i za t ion of the acyl phosphate 
linkage i n pro te ins and i t s appl icat ion to sa rcop lasmic 
r e t i c u l u m adenosine t r iphosphatase . J . bio) . Chem. 
248 : 8222-8226. 
D I A M O N D , J . A . (1962). The reabsorb t ive func t ion of the g a l l 
b ladder . J . P h y s i o l . L o n d . 161 : 442-473. 
D I A M O N D , J . D . (1964). The mechanism of i so tonic water 
t r anspo r t . J . gen. P h y s i o l . 48 : 15-42. 
D I A M O N D , J . M . and B O S S E R T , W . H . (1967). S tanding-
gradient osmot ic f l ow : a mechanism f o r coupl ing 
water and solute t r anspor t i n ep i t he l i a . J . gen. 
Physiol • 50.: 2061-2083. 
D I A M O N D , J . M . and B O S S E R T , W . H . (1968). Funct ional 
consequences of u l t r a s t r u c t u r a l geomet ry i n 'back- , 
wards ' f l u i d t r anspor t ing ep i the l i a . J . C e l l . B i o l . 
37 : 694-702. 
D I A M O N D , J . M . and T O R M A Y , J . H . (1966). Role of long 
e x t r a c e l l u l a r channels i n f l u i d t r anspor t across 
ep i the l i a . Nature L o n d . 210 : 817-820. 
E I C H E L B E R G , D . and W E S S I N G , A . (1975). Morpho logy of the 
Malpighian tubules of insec ts . F o r t s c h r . Z o o l . Band 
23 : Heft 2/3 : 124-147. 
3 10 
E P S T E I N , F . H . and S I L V A , P . (1974). Role of sod ium, 
po tass ium-ATPase i n renal f u n c t i o n . Ann . N . Y . 
A c a d . S c i . 242 : 519-526. 
F A H N , S . , K O V A L , G . T . and A L B E R S , R . W . (1966). 
Sod ium-po tass ium-ac t iva ted adenosine t r i -
phosphatase of E lec t rophorus e l e c t r i c o r g a n . I . 
An associated sod ium-ac t iva ted t r ansphosphory la t ion . 
J . B i o l . Chem. 241 : 1882-1889. 
F A R Q U H A R S O N , P . A . (1974a). A study of the Malpighian 
tubules of the p i l l m i l l i pede G l o m e r i s marg ina ta 
( V i l l e r s ) . I . The i so la t ion of the tubules i n a Ringer 
so lu t ion . J . exp. B i o l . 60 : 13-28. 
F A R Q U H A R S O N , P . A . (1974b). A study of the Malpighian 
tubules of the p i l l m i l l i pede G l o m e r i s marg ina ta 
( V i l l e r s ) . I I . The e f f ec t of va r i a t i ons i n osmot ic 
p ressure and sodium and potassium concentra t ions 
on f l u i d p roduc t ion . J . exp. B i o l . 60 : 29-39. 
F A W C E T T , D . W . (1962). Phys io log ica l ly s i gn i f i c an t specia l i sa t ions 
of the ce l l s u r f a c e . C i r c u l a t i o n 26 : 1105-1125. 
F I S C H E R , R . A . and Y A T E S , F . (1963). S t a t i s t i c a l tables f o r 
B i o l o g i c a l , A g r i c u l t u r a l and Medica l Research . 
6th E d . O l i v e r and Boyd . 
F U J I T A , T . , T O K U N A G A , J . and E D A N A G A , M . (1976). 
Scanning e l e c t r o n mic roscopy of the g l o m e r u l a r 
f i l t r a t i o n membrane i n the r a t k idney . C e l l T i s s . . 
Res. 166 : 299-314. 
a n 
G A B E , M . (1962). i n Handbuck der H i s toch imie , 3 d . I I / I , E d . 
G R A U M A N N , W. and N E U M A N N , K . G . S tu t tga r t , F i s c h e r . 
G E E , J . D . (1975a). D i u r e s i s i n the tsetse f l y Glossina 
austeni. J . exp . B i o l . 63 : 381-390. 
GEE, J . D . (1975b). The con t ro l of d i u r e s i s i n the tsetse f l y : 
a p r e l i m i n a r y inves t iga t ion of the d i u r e t i c ho rmone . 
J . exp. B i o l . .63 : 391 -401 . 
G E E , J . D . (1976). Ac t ive t r anspor t of sodium by the Malp igh ian 
tubules of the tsetse f l y , Glossina m o r s i t a n s . J . exp . 
B i o l . 64 : 357-368. 
G L Y N N , l . M . (1964). The act ion of ca rd iac glycosides on ion 
movements . Pha rmac . Rev. 16 : 381-407. 
G O L D M A N , D . E . (1943). Po ten t ia l , impedance and r e c t i f i c a t i o n 
in membranes . J . gen. P h y s i o l . 27 : 37-60. 
GOOD, N . E . , W I N G E T , G . D . , W I N T E R , W . , C O N N O L L Y , T . , 
I Z A W A , . S . and S I N G H , R . M . (1966). Hydrogen 
ion b u f f e r s f o r b io log ica l r e s e a r c h . B i o c h e m i s t r y 5_: 
467-477. 
G O U R A N T O N , J . (1968). Compos i t i on , s t r u c t u r e et mode de 
f o r m a t i o n des concret ions mine ra l e s dans l ' i n t e s t i n 
moyen des homopteres cec rop ides . J . C e l l B i o l . 37 : 
316-328. 
GRASSO, A . (1967). A sodium and potassium s t imula ted adenosine 
tr iphosphatase i n the cockroach nerve c o r d . L i f e S c i . 
6 : 1911-1918. 
2 1 2 
G R I S H A M , C M . and B A R N E T T , R . E . ( 1 9 7 3 ) . The ro le of 
l ip id-phase t r ans i t ions i n the regula t ion of the 
(sodium + potass ium) adenosine t r iphosphatase . 
B i o c h e m i s t r y 12 : 2635-2637. 
G R U E N I , N . and A V I - D O R , Y . (1966). T e m p e r a t u r e -
dependence of ac t iva t ion and i n h i b i t i o n of r a t b r a i n 
adenosine tr iphosphatase act ivated by sodium and 
potassium i o n s . B i o c h e m . J . 100 : 762-767. 
G U P T A , B . L . , H A L L , T . A . , M A D D R E L L , S . H . P . and 
M O R E T O N , R . B . (1976). D i s t r i b u t i o n of ions i n a 
f l u i d - t r a n s p o r t i n g ep i the l ium detected by e l ec t ron 
probe X - r a y . Nature L o n d . 264 : 284-287. 
H A R T , W . M . J r . , and T I T U S , E . O . (1973). S u l f h y d r y l 
groups of sodium potassium t r anspor t adenosine 
t r iphosphatase . J . b i o l . C h e m . 248 : 4674-4681. 
H A R V E Y , W . R . , WOOD, J . L . , Q U A T R A L E , R . P . and JUNGREIS , 
A . H . (1975). Cat ion d i s t r i b u t i o n s across the l a r v a l 
and pupal midgut of .the lepidopteran Hyalophora 
cecropia i n v i v o . J . exp. B i o l . 63 : 321-330. 
H A R V E Y , W . R . and Z E R A H N , K . (1971). Ac t i v e t r anspor t of 
sodium by the isolated midgut of Hyalophora c e c r o p i a . 
J . exp . B i o l . 54 : 269-274. 
H A S K E L L , J . A . , C L E M O N S , R . D . and H A R V E Y , W . R . (1965). 
Ac t ive t r anspor t by the Cecropia midgu t . I . I n h i b i t o r s , 
s t imulan t s and potassium t r a n s p o r t . J • Cel l . and 
Comp. P h y s i o l . 65 : 45-56 . 
H E G Y V A R Y , C. and POST, R . L . (1969). Revers ib le i nac t i va t i on 
2 13 
of ( N a T + K ) -ATPase by removing and r e s t o r i n g 
phosphol ip ids . In The molecu la r basis of membrane 
func t i on . E d . T O S T E S O N , D . C . Pren t ice H a l l , New 
Jersey, 519-528. 
HENION, W . F . , S U T H E R L A N D , E . W . and P O S T E R N A K , T . H . 
(1967). E f f e c t s of de r iva t i ve s of adenosine 3'5' 
phosphate on l i v e r s l i ces i n in tac t a n i m a l s . B i o c h i m . 
b iophys . A c t a . 148 : 106-113. 
H E R R E R A , F . C . (1965). A c t i o n of ouabain on sodium t r anspo r t 
i n the toad u r i n a r y b ladder . A m . J . P h y s i o l . 209 : 
819-824. 
H E V E R T , F . (1975). Phys io log ica l mechanisms of u r ine f o r m a t i o n 
by Malp ighian tubules . F o r t s c h r . Z o o l . Band 23, 
Heft 2/3 : 173-192. 
H I E R R E R A , L . , JORDANNA, R. and P O N Z , F . (1976). Ch lo r ide 
dependent t r a n s m u r a l potent ial i n the r ec t a l wa l l of 
Schis tocerca g r e g a r i a . J . Insect P h y s i o l . 22 : 2 9 1 -
297. 
H I G H N A M , K . C . , H I L L , L . and G I N G E L L , D . (1965). N e u r o -
secre t ion and water balance i n the male deser t locus t 
Schis tocerca g r e g a r i a . J . Z o o l . 147 : 201-207. 
H I L L , A . E . (1975a). So lu te - so lven t coupling i n ep i the l ia : a 
c r i t i c a l examina t ion of the standing grad ien t osmot ic 
f l o w theo ry . P r o c . R. Soc. 6 . 190 : 99-114. 
2 1 4 
H I L L , A . E . (1975b). So lu te -so lvent coupling i n ep i the l ia : 
an e l e c t r o - o s m o t i c theory of f l u i d t r a n s f e r . 
P r o c . R. S o c B . 190 : 115-134. 
HODGKIN, A . L . and K A T Z , B . (1949). The e f f e c t of 
sodium ions on the e l e c t r i c a l a c t i v i t y of the giant 
axon of the squ id . J . P h y s i o l . , L o n d . 108 : 37-77 . 
HOKIN, L . E . (1974). P u r i f i c a t i o n and p rope r t i e s of the (Sodium 
and Potass ium)-ac t iva ted adenosine tr iphosphatase 
and recons t i tu t ion of sodium t r anspo r t . A n n . N . Y . 
A c a d . S c i . 242 : 12-23. 
H O K I N , L . E . , D A H L , J . L . , D E U P R E E , J . D . , D I X O N , J . F . , 
H A C K N E Y , J . F . and P E R D U E , J . F . (1973). 
Studies on the cha rac t e r i za t ion of the s o d i u m -
potass ium t r anspor t adenosine t r iphosphatase . X . 
P u r i f i c a t i o n of the enzyme f r o m the r ec t a l gland 
of Squalus acanthias . J . b i o l . Chem. 248 : 2593-
2605. 
H O K I N , L . E . , S A S T R Y , P . S . , G A L S W O R T H Y , P . R . and 
YODA, A . (1965). Evidence that a phosphorylated 
in t e rmed ia te i n a b r a i n t r anspor t adenosine t r i -
phosphatase i s an acyl phosphate. P r o c . Nat . A c a d . 
S c i . U . S . A . 54 : 177-184. 
I R V I N E , H . B . and P H I L L I P S , J . E . (1971). E f f e c t s of 
r e s p i r a t o r y i n h i b i t o r s and ouabain on water t r anspor t 
by i so la ted locus t r e c t u m . J . Insect . P h y s i o l . 17 : 
381-393. 
J E A N , D . H . , A L B E R S , R . W . and K O V A L , G . J . (1975). S o d i u m -
2 1. 5 
potassium act ivated adenosine tr iphosphatase of 
E lec t rophorus e l e c t r i c o rgan . X . Immunochemica l 
p rope r t i e s of the l u b r o l - s o l u b i l i z e d enzyme and i t s 
const i tuent polypept ides . J . b i o l . C h e m i s t r y . 250 : 
1035-1040. 
J O L Y , P . and J O L Y , L . (1953). Resultats de g r e f f e de 
co rpo ra a l la ta chez Locusta m i g r a t o r i a L . 
A n n . S c i . nat . z o o l . s e r . 15 : 331-345. 
J 0 R G E N S E N , P . L . (1974a). P u r i f i c a t i o n and cha rac t e r i za t i on of 
(NaN- K + ) - A T P a s e . I I I . P u r i f i c a t i o n f r o m the outer 
medulla of m a m m a l i a n kidney a f t e r se lec t ive r e m o v a l 
of membrane components by sodium dodecylsulphate . 
B i o c h i m . b iophys . A c t a . 356 : 36-52. 
JGflRGENSEN, P . L . (1974b). P u r i f i c a t i o n of ( N a + + K + ) - A T P a s e . 
Ac t i ve si te de te rmina t ions and c r i t e r i a of p u r i t y . A n n . 
N . Y . Acad. S c i . 242 : 3 6 - 5 1 . 
J0RGENSEN, P . L . and S K O U , J . C . (1969). P repa ra t ion of h igh ly 
act ive (Na + K ) -ATPase f r o m the outer medul la of 
r abb i t k idney . B i o c h e m . b iophys . Res . C o m m u n . 137 : 
39-46. 
K A H L E N B E R G , A . , G A L S W O R T H Y , P . R . and H O K I N , L . E . (1968) 
Studies on the cha rac t e r i za t i on of the sod ium-po ta s s ium 
t r anspor t adenosine t r iphosphatase . I I . Cha rac t e r i za t i on 
of the acy l phosphate in te rmedia te as an L - g l u t a m y l - 2f 
-phosphate . A r c h s . B iochem. Biophys . 126 : 331-342. 
K A Y E , G . I . , W H E E L E R , H . O . , W H I T L O C K , R . T . and L A N E , N . 
(1966). F l u i d t r a n s p o r t i n the r abb i t g a l l b l adder . J . 
Ce l l . B i o l . - , . 30: 23 7_268. 
2 1 6 
K E D E M , O. (1965). Water f l o w i n the presence of act ive 
t r a n s p o r t . S y m p . soc. exp . B i o l . 19 : 61-73. 
K I N S O L V I N G , C . R . , P O S T , R . L . , and B E A V E R , D . L . (1963) 
Sodium plus potassium t r a n s p o r t . Adenosine t r i -
phosphatase a c t i v i t y i n the k idney . J . C e l l Comp . 
P h y s i o l . 62 : 85 -93 . 
K L E I N , M . and A P P L E B A U M , S . W . (1975). The sur face 
morphology of locust hindgut c u t i c l e . J . En t . ( A ) . 
50 : 31-36. 
K L I N E , M . H . , H E X U M , T . D . , D A H L , J . L . and H O K I N , L . E . 
(1971). Studies on the cha rac t e r i s a t i on of the 
sod ium-po tass ium t ranspor t adenosine t r i -
phosphatase. V I I . Compar i son of the p rope r t i e s 
of the membrane-bound and p a r t i l l y p u r i f i e d 
soluble and insoluble f o r m s of the enzyme . A r c h . 
B i o c h e m . Biophys , 147 : 781-787. 
K O E F O E D - J O H N S E N , V . and USSING, H . H . (1958). The 
nature of the f r o g sk in po ten t i a l . Acta p h y s i o l . 
scand. 42 : 298-308. 
K Y T E , J . (1971a). P u r i f i c a t i o n of the sodium and potass ium 
dependent adenosine tr iphosphatase f r o m canine 
rena l m e d u l l a . J . b i o l . Chem. 246 : 4157-4165. 
K Y T E , J . (1971b). Phosphory la t ion of a p u r i f i e d ( N a + + K + ) 
adenosine t r iphosphatase . Bioch'em. b iophys . Res. 
C o m m u n . 43 : 1259-1265. 
K Y T E , J . (1972). P r o p e r t i e s of the 2 polypeptides of sodium 
and potassium dependent adenosine t r iphosphatase . 
J . b i o l . Chem. 247 : 7642-7649. 
L A S S E N , N . A . , M U N C K , 0 . and T H A Y S E N , J . H . (1961). 
Oxygen consumption and sodium reabsorp t ion i n 
k idney . Acta P h y s i o l , scand. 51 : 371-384. 
L A S S E N , U . V . and T H A Y S E N , J . H . (1961). C o r r e l a t i o n 
between sodium t r anspor t and oxygen consumption 
i n i so la ted renal t i s sue . B i o c h e m . b iophys . A c t a . 
47 : 616-618. 
L E A F , A . and R E N S H A W , A . (1957a). Ion t r anspo r t and 
r e s p i r a t i o n of i sola ted f r o g s k i n . B iochem. J . 65 : 
82 -90 . 
L E A F , A . and RENSHAW, A . (1957b). The anaerobic act ive 
ion t r anspor t by i so la ted f r o g s k i n . B i o c h e m . J . 
65 : 90-93 . 
• L E H N I N G E R , A . L . (1970). B i o c h e m i s t r y . Wor th pub l i shers 
I n c . , N . Y . 
L I N E W E A V E R , H . and B U R K E , D . (1934). The de te rmina t ions 
of enzyme d i s soc ia t ion constants . J . A m . chem. 
Soc. 56 : 658-666. 
L O W R Y , O . H . , ROSEBROUGH, N . J . , F A R R , A . L . and 
R A N D A L , R . J . (1951). P r o t e i n measurement 
w i t h the F o l i n phenol reagent . J . b i o l . C h e m . 
193 : 265-275. 
M A D D R E L L , S . H . P . (1963). E x c r e t i o n i n the b lood-sucking 
2 18 
bug Rhodnius p r o l i x u s s t a l . I . The con t ro l of 
d i u r e s i s . J . exp . B i o l . 40 : 247-256. 
M A D D R E L L , S . H . P . (1964). E x c r e t i o n i n the b lood-sucking 
bug Rhodnius p ro l i xus s t a l . I I . The n o r m a l course 
of d i u r e s i s and the e f f ec t of t e m p e r a t u r e . J . exp . 
B i o l . 41 : 163-176. 
M A D D R E L L , S . H . P . (1969). Sec re t ion by the Malp igh ian 
tubules of Rhodnius. The movements of ions and 
wa te r . J . exp. B i o l . 51 : 71-97 . 
M A D D R E L L , S . H . P . (1971). The mechanism of Insect 
E x c r e t o r y sys tems . A d v . Insect , p h y s i o l . 8 : 
199-331 . 
M A D D R E L L , S . H . P . (1972). The func t ion ing of insect 
Malp ighian tubules . In Role of Membranes i n 
s e c r e t o r y Processes . Nor th -Ho l l and - A m s t e r d a m 
338-356. 
M A D D R E L L , S . H . P . and K L U N S U W A N , S. (1973). F l u i d 
s ec re t ion by i n v i t r o prepara t ions of the 
Malp igh ian tubules of the deser t locust Sch i s toce rca 
g r e g a r i a . J . Insect P h y s i o l . 19 : 1369-1376, 
M A D D R E L L , S . H . P . , P I L C H E R , D . E . M . and GARDINER, 
B . O . C . (1969). S t i m u l a t o r y e f f ec t of 5 - h y d r o x y -
t ryp tamine (serotonin) on sec re t ion by Malp igh ian 
tubules of in sec t s . Na ture , L o n d . 222 : 784-5. 
M A D D R E L L , S . H . P . , P I L C H E R , D . E . M . and GARDINER, B . O 
(1971). Pharmaco logy of the Malp ighian tubules of 
Rhodnius and Caraus ius . The s t ruc tu r e a c t i v i t y 
r e l a t ionsh ip of t ryp tamine analogues and the ro l e of 
c y c l i c A M P . J . exp. B i o l . 54 : 779-804. 
M A R T O J A , R. (1956). Mise en evidence d'une sec re t ion 
muqueuse dans les tubes de Malp igh i de quelques 
or thopteres et d 'un phasmoptere . B u l l . Soc . Z o o l . 
F r . 8_1 : 172-173. 
M A R T O J A , R . (1959). Donees cytologiques et h i s toch imiques 
sur les tubes de Malp igh i et l e u r s secre t ions maqueuses 
chez locusta m i g r a t o r i a R.and F . Ac ta h i s tochem. 
(Jena) 6 : 187-217. 
M A R T O J A , R . (1961). Charac te r i s t iques his tologiques du 
segment muqueux de l ' appa re i l exc re t eu r des 
o r thop te re s . C . r . A c a d . S c i . ( P a r i s ) . 253 : 3063-
3065. 
M O A K E , J . L . , A H M E D , K . , B A C H U R , N . R . and G U T F E U N D , 
D . E . (1970). M g 2 + d e p e n d e n t , ( N a + + K + ) s t imula ted 
ATPase of human p la te le t s . B i o c h i m . b iophys . A c t a . . 
211 : 337-344. 
M O R D U E , W . (1969). Hormona l con t ro l of Malp igh ian tubule and 
r ec t a l func t ion i n the deser t locust Sch i s toce rca 
g r e g a r i a . J . Insect P h y s i o l . 15 : 273-285. 
M O R D U E , W . (1970). Evidence f o r the existance of d i u r e t i c and 
an t id iu re t i c hormones i n locus t s . J . Endoc r . 46 : 
119-120. 
M O R D U E , W. (1972). Hormones and exc re t i on i n l ocus t s . Gen. 
Comp. E n d o c r i n o l . 3 : 289-298. 
M U D G E , G . H . (1951a). Studies on potassium accumula t ion by 
rabb i t kidney s l i ces : e f f ec t of metabol ic a c t i v i t y . 
A m e r . J . P h y s i o l . 165 : 113-27. 
2 2 0 
M U D G E , G . H . (1951b). E l e c t r o l y t e and water me tabo l i sm of 
rabb i t kidney s l i ces : e f f ec t of metabol ic i n h i b i t o r s . 
A m e r . J . P h y s i o l . 167 : 206-223. 
N A G A N O , K . , K A N A Z A N A , T . , M I Z U N O , N . , T A S H I M A , Y . , 
N A K A O , T . and N A K A O , M . (1965). Some acy l 
phosphate l i ke p rope r t i e s of P32 label led s o d i u m -
potassium act ivated adenosine t r iphosphatase . 
B iochem. b iophys . Res. Commun . 19 : 759-764. 
N A K A O , T . , NAGANO, K . , A D A C H I , K . and N A K A O , M . (1963). 
Separat ing of two adenosine tr iphosphatases f r o m 
e ry th rocy t e membrane . B i o c h e m . b iophys . Res . 
C o m m u n . 13 : 444-448. 
N A K A O , T . , - T A S H I M A , Y . , NAGANO, K . and N A K A O , M . (1965). 
Highly spec i f i c sodium-potass ium act ivated adenosine 
tr iphosphatase f r o m va r ious t issues of r a b b i t . B i o c h e m . 
b iophys . Res. C o m m u n . 19 : 755-758. 
N E C H A Y , B . R . (1974). Rela t ionship between i n h i b i t o r s of rena l 
+ 4-
Na + K ATPase and n a t r i u r e s i s . A n n l s . N . Y . 
A c a d . S c i . 242 : 501-518. 
N E U F I E L D , A . H . and L E V Y , H . H . (1969). A second ouabain 
sensi t ive sodium dependent adenosine tr iphosphatase 
i n b r a i n m i c r o s o m e s . J . b i o l . Chem. 244 : 6493-
6497. 
N I S S A N , S . , A V I R A M , A . , C Z A C Z K E S , J . W . , U L L M A N N , L . 
U L L M A N N , T . D . (1966). Increased 0 2 consumpt ion 
of the ra t d i aphram by elevated NaCl concen t ra t ions . 
J . A m e r . P h y s i o l . 210 : 1222-1224. 
2 2 1 
O ' R I O R D A N , A . M . (1969). E l e c t r o l y t e movements i n i so la ted 
midgut of the cockroach (Per ip laneta a m e r i c a n a ) . 
J . exp. B i o l . _51 : 699-714. 
O S C H M A N , J . L . and BERRIDGE, M . J . (1970). S t r u c t u r a l 
and func t iona l aspects of s a l i v a r y f l u i d s ec re t ion i n 
C a l l i p h o r a . Tissue and c e l l . 2 : 281-310. 
O S C H M A N , J . L . , W A L L , B . J . and G U P T A , B . J . (.1.974). 
C e l l u l a r basis of water t r a n s p o r t . In T r a n s p o r t 
at C e l l u l a r l e v e l . Soc . exp. b i o l . S y m p o s i u m . 
28 : 305-350. 
P A L M , N . B . (1946). Studies on the p e r i s t a l s i s of the Malp igh ian 
tubules of in sec t s . A c t a . U n i v . Kind . N r . I I : 3 -39 . 
P A S T A N , I . and P E R L M A N , R . L . (1971). C y c l i c A M P i n 
m e t a b o l i s m . Na ture , L o n d . New B i o l . 229 : 5-7 
PEACOCK, A . J . (1975). . Studies on the exc re t i on and neuro-
endocrine sys tems of some or thopte ran insec t s , w i th 
p a r t i c u l a r r e fe rence to Jamaicana f l a v a (Caude l l ) . 
P h . D . thes i s , Durham U n i v e r s i t y . 
P E A C O C K , A . J . (1976). D i s t r i b u t i o n of N a + - K + - act ivated 
ATPase i n the a l i m e n t a r y t r ac t of Locus ta m i g r a t o r i a . 
Insect B i o c h e m . 6 ; 529-533. 
P E A C O C K , A . J . , B O W L E R , K . and A N S T E E , J . H . (1972). 
+ + + Demons t ra t ion of a Na - K - Mg2 dependent ATPase 
i n a p repa ra t ion f r o m hindgut and Malp igh ian tubules of 
two species of in sec t . Expe r i en t i a 28 : 901-902. 
2 2 2 
PEACOCK, A . , B O W L E R , K . and A N S T E E , J . H . (1976). 
+ + 
Prope r t i e s of Na - K dependent ATPase f r o m the 
Malpighian tubules and hindgut of Homorocoryphus 
n i t i d u l u s . Insect Biochem . 6 : 281-288. 
P H I L L I P S , J . E . (1964a). Rectal absorp t ion i n the deser t 
locus t , Sch is tocerca g r e g a r i a , F o r s k a l . I . Wa te r . 
J . exp. B i o l . 41 : 15-38. 
P H I L L I P S , J . E . (1964b). Rectal absorp t ion i n the deser t 
locust Sch i s toce rca g r e g a r i a F o r s k a l I I I . The 
nature of the e x c r e t o r y p rocess . J . exp. B i o l . 
41 : 69-80 . 
P I L C H E R , D . E . M . (1970a). Hormonal c o n t r o l of the Malp ighian 
tubules of the s t i c k insect Carausius m o r o s u s . J . 
exp. B i o l . 52 : 653-665. 
P I L C H E R , D . E . M . (1970b). The inf luence of the d i u r e t i c 
hormone on the process of u r ine sec re t ion by the 
Malp ighian tubules i n Caraus ius m o r o s u s . J . exp . 
B i o l . _5J : 465-484. 
P O S T , R . L . and K L U M E , S . (1973). Evidence f o r an a spa r ty l 
phosphate res idue at the ac t ive s i te of sodium and 
potassium ion t r anspor t adenosine t r iphosphatase . 
J . b i o l . C h e m . 248 : 6993-7000. . 
P O S T , R . L . and S E N , A . K . (1967). Sod ium and potass ium 
s t imula ted A.TPase. Methods of enzymology . X : 
762-768. E d . E S T A B R O O K , R . W . and P U L L M A N , 
M . E . Academic P r e s s . N . Y . and London . 
2 2 3 
POST, R . L . , S E N , A . K . and R O S E N T H A L , A . S . (.1965). A 
phosphorylated in te rmedia te i n adenosine t r i -
phosphate-dependent sodium and potassium t r anspor t 
across kidney membranes . J . b i o l . Chem. 240 : 
1437-1445. 
P R I N C E , W . T . (1976). A model f o r s tudying the con t ro l of 
ep i the l i a l t r anspor t i n the s a l i v a r y gland of the b l o w -
f l y . Perspec t ives i n expe r imen ta l b io logy . V o l . I . 
E d . S P E N C E R D A V I E S , P . Pergamon P re s s . 
P R I N C E , W . T . , B E R R I D G E , M . J . and R A S M U S S E N , H . (1972). 
Role of c a l c i u m and adenosine 3 l 5 ' - c y c l i c mono-
phosphate i n c o n t r o l l i n g f l y s a l i v a r y gland s e c r e t i o n . 
P r o c . natn . A c a d . S c i . U . S . A . 69 : 553-557. 
R A M S A Y , J . A . (1953). Ac t i ve t r anspor t of po tass ium by the 
Malp igh ian tubules of i n sec t s . J . exp . B i o l . 30 : 
79-89. 
R A M S A Y , J . A . (1954). Ac t ive t r anspor t of water by the 
Malp ighian tubules of the s t i c k insect Dixippus 
morosus (Or thop te ra Phasmidae) . J . exp . B i o l . 
.31 : 104-113. 
R A M S A Y , J . A . (1955). The e x c r e t i o n of sod ium, potass ium 
and water by the Malp ighian tubules of the s t i c k 
insec t , Dixippus morosus (Or thoptera Phasmidae) . 
J . exp . B i o l . 32 : 200-216. 
R A M S A Y , J . A . (1956). E x c r e t i o n by the Malpighian tubules 
2 2 4 
of the s t i ck insec t , Dixippus morosus (Or thopte ra , 
Phasmidae) . J . exp. B i o l . 33 : 698-709. 
R A M S A Y , J . A . and BROWN, R . H . J . (1955). S i m p l i f i e d 
apparatus and procedure f o r f r e e z i n g - p o i n t 
de te rmina t ions upon s m a l l volumes of f l u i d . J_. 
Sc ien t , Ins t . 32 : 372-375. 
R A T A N A B A N A N G K O O N , K , D I X O N , J . F . and K O K I N , L . E . 
(1973). Studies or. the cha rac t e r i za t i on of the 
sod ium-po tass ium t ranspor t adenosine t r i -
phosphatase. X I . Compar i son of k ine t i c 
p rope r t i e s of the p u r i f i e d wi th the i m p u r e membrane -
bound enzyme f r o m Squalus acanthias . A r c h . Biochem . 
B iophys . 156 : 342-349. 
R E Y N O L D S , E . S . (1963). The use of lead c i t r a t e at high pH 
as an e l e c t r o n opaque s t a i n . J . C e l l B i o l . 17 : 
208-2.12-. 
R H E E , H . M . and H O K I N , L . E . (1975). Inh ib i t i on of the 
p u r i f i e d sod ium-po tass ium act ivated adenosine 
tr iphosphatase f r o m the r ec t a l gland of Squalus 
acanthias by antibody against the g l y c o p r o t e i n subuni t . 
B i o c h e m . b iophys . Res. C o m m u n . 63 : 1139-1145. 
RHODIN, J.v .O-958) . Ana tomy of kidney tubules . I n t . Rev. 
C y t o l . 7 : 485-534. 
R I D D E R S T A P , A . S . and BONTING, S . L . (1969). N a - K 
-ac t iva ted adenosine tr iphosphatase and pancreat ic 
sec re t ion i n the dog . A m e r . J . P h y s i o l . 216 : 547-553. 
2 2 5 
R I E G E L , J . A . (1966). Mic ropunc tu re studies of f o r m e d - b o d y 
sec re t ion by the e x c r e t o r y organs of the c r a y f i s h , 
f r o g and s t i c k insec t . J . exp . B i o l . 44 : 379-385. 
R I E G E L , J . A . (1970). A new model of t r ansep i the l i a l f l u i d 
movement w i t h deta i led appl ica t ion to f l u i d movement 
i n the c r a y f i s h antennal g land . Comp. B i o c h e m . 
P h y s i o l . 36 : 403-410. 
ROBISON, G . A . , B U T C H E R , R . W . and S U T H E R L A N D , E . W . 
(1968). C y c l i c A M P . A . Rev. B i o c h e m . 37 : 149-74. 
ROBINSON, J . D . (1967). K ine t i c s tudies on a b r a i n m i c r o s o m a l 
adenosine t r iphosphatase . Evidence suggesting 
confo rma t iona l changes. B i o c h e m . N . Y . 6 : 3250-3258. 
S A V A G E , A . A . (1956). The development of Malp ighian tubules 
of Sch is tocerca g r ega r i a (Or thop te ra ) . Q. J l . m i c r o s c . 
S c i . 97 : 599-615. 
S A V A G E , A . A . (1962). The development of Malp igh ian tubules 
of Caraus ius morosus (Or thop te ra ) . Q. J l . M i c r o s c . 
S c i . 103 : 417-438. 
S C H A T Z M A N , H . J . (19.62). L i p o p r o t e i n nature of the red c e l l 
adenosine t r iphosphatase . Nature L o n d . 196 : 667. 
S C H A T Z M A N , H . J . and V I N C E N Z I , - F . F . (1969). C a l c i u m 
movement across the membrane of human red blood 
c e l l s . J . P h y s i o l . L o n d . 201 : 369-395. 
SCHONER, W . , von I L B E R G , C , K R A M E R , R. and S E U B E R T , 
W. (1967). On the mechanism of Na and K -
s t imula ted h y d r o l y s i s of adenosine t r iphosphata te . 
I . P u r i f i c a t i o n and p rope r t i e s of a Na and K 
2 2 6 
act ivated ATPase f r o m ox b r a i n . E u r . J n l . 
Biochem . ± : 334-343. 
S C H W A R T Z , A . , L I N D E N M A Y E R , G . E . and A L L E N , J . C . 
(1972). The Na , K - A P T a s e membrane t r anspor t 
sys tem: impor tance i n c e l l u l a r f u n c t i o n . C u r r . 
Top . Membranes and T r a n s p o r t , 3 : 1-82. 
S E D L A C E K , J . (1973). Ouabain-sens i t ive r e s p i r a t i o n of 
chick e m b r y o b r a i n t i s sue . P h y s i o l , bohemoslov 
22 : 19-28. 
S I L V A , P . , T O R R E T T I , J . , H A Y S L E T T , J . P . and E P S T E I N , 
F . H . (1976). Relat ion between N a + - K + - A T P a s e 
a c t i v i t y and r e s p i r a t o r y rate i n the r a t k idney. 
A m e r . J . P h y s i o l . 230 : 1432-1437. 
S K O U , J . C . (1957). The inf luence of some cations on an 
adenosine tr iphosphatase f r o m pe r iphe ra l ne rves . 
B i o c h i m . b iophys . A c t a . 23 : 394 -401 . 
S K O U , J . C . (1962). P repa ra t ion f r o m m a m m a l i a n b r a i n and 
kidney of the enzyme sys tem involved i n act ive 
t r anspor t of Na and K . B i o c h i m . b iophys . A c t a . 
58 : 314-325. 
S K O U , J . C . (1965). Enzymat i c basis f o r act ive t r anspo r t of 
+ + 
Na and K across c e l l m e m b r a n e . P h y s i o l . Rev . 
45 : 596-617. 
S K O U , J . C . (1969). The ro l e of membrane ATPase i n the 
act ive t r anspor t of i o n s . In The Molecu la r Basis 
of Membrane Func t ion . E d , T O S T E I N , D . C . 455-
482. P r e n t i c e - H a l l , New Je r sey . 
2 2 7 
S K O U , J . C . (1975). The ( N a + + K + ) act ivated enzyme 
sys tem and i t s r e la t ionsh ip to t r anspor t of sodium 
and po tass ium. Quar t . Rev, b iophys . 7. : 401-434. 
S M I T H , D . S . (1968). Insect c e l l s , t he i r s t r uc tu r e and f u n c t i o n . 
O l i v e r and Boyd . Edinburgh 285-297. 
SNEDECOR, G . W . and COCHRAN, W . G . (1967). S t a t i s t i c a l 
methods, 6th E d . Iowa State U n i v e r s i t y P r e s s , U . S . A . 
S R I V A S T A V A , P . N . (1962). Physiology of exc re t i on i n the 
l a r v a of C o r c y r a cephalonica Sta in ton (Lep idop te ra , 
P y r a l i d a e ) . J . Insect. P h y s i o l . _8 : 223-232. 
S R I V A S T A V A , U . S . and K H A R E , M . K . (1966). The development 
of Malp ighian tubules and associated s t r u c t u r e s i n 
Ph i losamia v i c i n i (Lep idop te ra , Sa tu rn idae) . J . Z o o l . 
L o n d . 150 : 145-163. 
S W A N S O N , P . D . and M c I L W A I N , H . (1965). Inh ib i t ion of the 
s o d i u m - i o n - s t i m u l a t e d adenosine tr iphosphatase a f t e r 
t r ea tment of i so la ted guinea pig c e r e b r a l cor tex w i t h 
ouabain and other agents. J . Neurochem . 12 : 877-
8 9 1 . 
S W A N S O N , P . D . and U L L I S , K . (1966). Ouabain-induced 
changes i n sodium and potass ium content and r e s p i r a t i o n 
of c e r e b r a l co r t ex s l i ces : dependence on med ium 
c a l c i u m concent ra t ion and e f f ec t s of p r o t a m i n e . J . 
P h a r m . and exp . T h e r a p . 153 : 321-328. 
T A N A K A , R. and T E R U Y A , A . (1973). L i p i d dependence of 
a c t i v i t y - t e m p e r a t u r e r e l a t ionsh ip of ( N a + - K + ) - a c t i v a t e d 
A T P a s e . B i o c h i m . b iophys . A c t a . 323 : 584 -591 . 
2 2 8 
T A Y L O R , H . H . (1970). U l t r a s t r u c t u r a l studies on the Malpighian 
tubules of the s t i ck insec t . P h . D . thesis Newcastle 
U n i v e r s i t y . 
T A Y L O R , H . H . (1971a). Water and solute t r anspor t by the 
Malpighian tubules of the s t i ck insect Carausius 
morosus . The n o r m a l u l t r a s t r u c t u r e type I c e l l s . 
Z . Z e l l f o r s c h . m i k r o s k . Ana t . 118 : 333-368. 
T A Y L O R , H . H . (1971b). The f ine s t r uc tu r e of the type 2 ce l l s 
i n the Malp igh ian tubules of the s t i ck insect Carausius 
m o r o s u s . Z . Z e l l f o r s c h . Ana t . 122 : 411-424. 
TOB1N, T . and BRODY, T . M . (1972). Rates of d i s soc ia t ion 
of enzyme-ouabain complexes and KO. 5 values i n 
(Na + K ) adenosine tr iphosphatases f r o m d i f f e r e n t 
species . B i o c h e m . Pha rmac . 21 : 1553-1560. 
T O L M A N , J . H . and S T E E L E , J . E . (1976). A ouabain-sensi t ive 
(Na - K n ) - a c t i v a t e d A T P ase i n the r e c t a l ep i the l i um of 
the A m e r i c a n cockroach Per ip lane ta a m e r i c a n a . 
Insect B i o c h e m . _6 : 513-517. 
T O R M A Y , J . M . and D I A M O N D , J . M . (1967). U l t r a s t r u c t u r a l 
route of f l u i d t r anspo r t i n r abb i t ga l l b l adde r . J . gen. 
P h y s i o l . .50 : 2031-2060. 
T R E H E R N E , J . E . (1966). The e f f ec t of ouabain on t h e e f f l u x o f 
sodium ions i n the nerve cords of two insec t species , 
Per ip lane ta amer icana and Carausius m o r o s u s . .J. 
exp . B i o l . 44 : 355-362. 
o o q 
t-j t* u 
T S U B O , I . and B R A N D T , P . W . (1962). An e l ec t ron m i c r o s c o p i c 
study of the Malp ighian tubules of the grasshopper 
Dis sos t e i r a Caro l ina . J . U l t r a s t r u c t . Res . 6_ : 28-35 . 
U E S U G I , S . , D U L A K , N . C . , D I X O N , J . F . , H E X U M , T . D . , 
D A H L , J . L . , P E R D U E , J . F . and HOKIN, L . E . 
(1971). Studies on the cha rac t e r i za t ion of the 
sod ium-potass ium t r anspor t adenosine tr iphosphatase 
V I . L a r g e scale p a r t i a l p u r i f i c a t i o n and p rope r t i e s 
of a l u b r o l so lub i l i zed bovine b r a i n enzyme. J . B i o l . 
C h e m . 246 : 531-543. 
U S S I N G , H . H . (1949). T r a n s p o r t of ions across c e l l u l a r 
membranes . P h y s i o l . Rev. 28 : 127-55. 
U S S I N G , H . H . (1960). The a l k a l i meta l ions i n i so la ted sys tems 
and t i s sues . In Hanbuch der E x p e r i m e n t a l l e n 
Pharmakolog ie , S p r i n g e r - V e r l a g , B e r l i n . 
U S S I N G , H . H . , T H O R N , N . A . (Ed . ) (1972). T r a n s p o r t 
mechanisms i n Epithel ia . . Proceedings of the A l f r e d 
Benzon sympos ium V . Munksgaard , Copenhagen; 
Academic P re s s , N . Y . 
U S S I N G , H . H . and Z E R A H N , K . (1951). Ac t i ve t r anspo r t of 
sodium as the source of e l e c t r i c c u r r e n t i n the 
s h o r t - c i r c u i t e d f r o g s k i n . Ac ta p h y s i o l . scand. 23 : 
110-121 . 
USHERWOOD, P . N . R . (1975). E d . i n Insect Muscle . Academic 
P re s s , London, N . Y . San F r a n c i s c o , 
2 3 0 
VIETINGHOGG, U . , O L S Z E W S K A , E . and JANISKEWSK. I , L . 
(1969). Measurements of the b i o e l e c t r i c potentials 
i n the r e c t u m of Locusta m i g r a t o r i a and Carausius 
morosus i n i n v i t r o p repa ra t ions . J . Insect P h y s i o l . 
15 : 1273-1277. 
W A L D , H . , G U T M A N , V . and C Z A E Z K E S , W. (1974). 
Compar ison of m i c r o s o m a l ATPase i n the co r t ex , 
medul la and pap i l l a of the r a t k idney . P f l u g e r s . 
A r c h . 352 : 47-59 . 
W A L L , B . J . (1965). Regulat ion of water me tabo l i sm by the 
Malp igh ian tubules and r e c t u m i n the cockroach 
Per ip laneta a m e r i c a n a . Zool • Jb . ( P h y s i o l . 7JL : 
702-709. 
W A L L , B . J . , O S C H M A N N , J . L . and S C H M I D T , B . A . (1975). 
Morphology and func t ion of Malp igh ian tubules and 
associated s t r u c t u r e s i n the cockroach Per ip laneta 
a m e r i c a n a . J . M o r p h . 146 : 265-306. 
W A L T O N , J . (1974). U l t r a s t r u c t u r a l changes i n ce l l s a r i s i n g 
f r o m metabol ic i n h i b i t o r s . P r o c . A u s t . B i o c h e m . 
Soc . 7. : 63. 
W A R E H A M , A . C . , D U N C A N , C . J . and B O W L E R , K . (1968). 
P e r m e a b i l i t y and exc i ta t ion of insect m u s c l e . 
Na tu re . L o n d . 217 : 970-972. 
W A S L E R , H . , H A M M O N D , V . and B U T L E R , S. (1973). 
D e p l o r a r i z a t i o n increases the suscep t ib i l i t y of 
toad bladder sodium t r anspor t to i n h i b i t i o n by ouabain. 
J . P h a r m . exp . The r a p . 185 : 2 6 1 - 2 7 1 . 
2 3 1 
W E B E R - V O N G R O T T H U S , E . , HE V E R T , F . , A T Z B A C H E R , V . 
and W E S S I N G , A . (1974). Influence of ouabain 
+ + 
on Na and K concent ra t ion i n haemolymph of 
Drosph i l a hydei and appearance of Malp igh ian tubules . 
J . Insect P h y s i o l . 20 : 1411-1420. 
W E S S I N G , A . (1965). Die f u n k t i o n de r Malpighischen Gafabe. 
I n . Funkt ionel le und morphologische organ isa t ion de r 
Z e l l e . I I . Sek re t ion und e x k r e t i o n . 228-268. S p r i n g e r ; 
B e r l i n , He ide lbe rg , New Y o r k . 
W E S S I N G , A . and E I C H E L B E R G , D . (1975). U l t r a s t r u c t u r a l 
aspects of t r a n s p o r t and accumula t ion of substances 
i n the Malp igh ian tubules . F o r t s c h r . Z o o l . Band . 23, 
Heft _2-3: 148-172. 
W H I T T A M , R. (1961). Ac t i v e cat ion t r anspor t as a pacemaker of 
r e s p i r a t i o n . N a t u r e . L o n d . 191 : 603-604. 
W H I T T A M , R . (1962). The dependence of the r e s p i r a t i o n of the 
b r a i n cor tex on ac t ive ca t ion t r a n s p o r t . Biochem. J . 
82 : 205-212 . 
W H I T T A M , R . , B L O N D , D . M . and R U S C A K , M . (1965). The 
inf luence of ions on the me tabo l i sm of b r a i n - c o r t e x 
s l i c e s . B i o c h e m . J . 96 : 47 . 
W H I T T A M , R. and C H I P P E R F I E L D . A . R . (1975). The r eac t ion 
mechanism of the sodium pump. B i o c h i m . b iophys . 
A c t a . 415 : 149-171 . 
W H I T T A M , R. and D A V I E S , R . E . (1953). Ac t i v e t r a n s p o r t of 
wa te r , sod ium, potass ium and a -oxog lu ta ra t e by kidney 
cor tex s l i c e s . B i o c h e m . J . 55 : 880-887. 
2 3 2 
W H I T T A M , R. and W H E E L E R , K . P . (1961). The s e n s i t i v i t y 
of a kidney ATPase to ouabain and to sodium and 
potassium B i o c h i m . b iophys . A c t a . 51 : 622-624. 
W H I T T A M , R. and W H E E L E R , K . P . (1970). T r a n s p o r t ac ross 
c e l l membranes . A . Rev. P h y s i o l . 32 : 21-60 . 
W H I T T A M , R. and W I L L I S , J . S . (1962). Some e f fec t s of 
ouabain and Na on r e s p i r a t i o n and K uptake i n 
kidney s l i c e s . J . P h y s i o l . L o n d . 163 : 45 -46P . 
W H I T T A M , R and W I L L I S , J . S . (1963). Ion movements and 
oxygen consumption i n kidney cor tex s l i c e s . J.. 
P h y s i o l . L o n d . 168 : 158-177. 
W I G G L E S W O R T H , V . B . and S A L P E T E R , M . M . (1962). 
His to logy of the Malp igh ian tubules i s Rhodnius 
p r o l i x u s Sta.1 (Hemip t e r a ) . J . Insect P h y s i o l . 8_ : 
299-307. 
W I L L I S , J . S . (1968a). Ouabain i n h i b i t i o n of ion t r a n s p o r t and 
r e s p i r a t i o n i n rena l c o r t i c a l s l i ces of ground s q u i r r e l s 
and h a m s t e r s . B i o c h e m . b iophys . A c t a . 163 : 506-
515 
W I L L I S , J . S . (1968b). The i n t e r a c t i o n of K + , ouabain and N a + 
on cat ion t r anspor t and r e s p i r a t i o n of rena l c o r t i c a l 
c e l l s . B i o c h i m . b iophys . A c t a . 163 : 516-530. 
W I N S , P and S C H O F F E N I E L S , E . (1966). Studies on r e d - c e l l 
2+ 2+ 
ghost ATPase sys tems: p rope r t i e s of a (Mg + Ca ) 
dependent A T P a s e . B i o c h i m . b iophys . A c t a . 120 : 
341-450. 
WOOD, J . L . and H A R V E Y , W . R . (1975). Ac t i ve t r anspor t of 
301-311 . 
YOSHIDA, H . , K A N I I K E , K . and F U J I S A W A , H . (1962). Studies 
on the change i n i o n p e r m e a b i l i t y of b r a i n s l i c e s . Jap. 
J . Pharmac . 12 : 146-155. 
Z E R A H N , K . (1956). Oxygen consumption and ac t ive sodium 
t r anspor t i n the i so la ted s h o r t - c i r c u i t e d f r o g s k i n . 
A c t a . p h y s i o l . scand . 36 : 300-318. 
Z E R A H N , K . (1971). Ac t i ve t r anspor t of the a l k a l i meta ls by 
the isolated m i d - g u t of Hyalophora cec rop ia . P h i l . 
T r a n s . R. Soc . B . 262 : 315 -321 . 
potassium by the Cecropia midgut ; t r a c e r k ine t ic 
theory and t r anspor t pool s i z e . J . exp . B i o l . 63 : 
i t 
2 3 4 
